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Abstract: Problem statement: Membrane computing has structural resemblance with cell
structure. This characteristic provides the velibatin the modeling of biological processes.
Approach: This study was carried to discuss the membranepating formalism in modeling
biological processes by analyzing two examplest®dymthesis in chloroplast and Sodium-Potassium
exchange pumpResults. The modeling of these two examples showed memb@raputing
formalism has the capability to capture the fundatalefeatures and elements of biological processes.
Conclusion: There are flexibilities and advantages in modelingjogical processes with membrane
computing but its formalism need further expansmaccommodate complex biological processes.
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INTRODUCTION Photosynthesis in chloroplast dealing with lighiaton
and photoinhibition and Sodium-Potassium exchange
The growing interest in analyzing various pump in animal cells. This study will describe the
biological or natural processes has increased #®el n biological process involved in each case, type of
for an appropriate computing model to represenbbjects, rules, and how these elements are repessen
biological processes in a formal and feasible way. using membrane computing formalism as well as ways
The conventional modeling approaches are basedf simulating the system.
on differential equations and have shown disadym#ta _ ) _
when dealing with stochastic and nondeterministicM émbrane computing formalism: The followings are
processes. Recently, there has been growing interes the fundamental aspects of membrane computing
using the framework of membrane computing, aformalism®®;
theoretical paradigm abstracting from the strucamd
functionality of the living cell, as models and
simulators of cellular phenomena, and hence produci represented a = (V'_ M, 00, 0%, -, Oy Ri, Roy..y Ry).
formal specifications defined in a language thatigse ~ 1he Systemfl contains objects V, structure of the
to molecular biology and returning meaningful andye ~ Systemy, multisetsw, 6y,...,05 and rules B R,
to be interpreted information to biologists. In sthi »--F 1, 2,..., n are the labels of the compartments in
respect there have been investigations into moglelinthe system. There are n compartments, in which efich
various aspects of molecular and cellular biology.them consists of multisets and rules. In this case,
Examples include models of photosynthesis incompartment with label 1 consists of multisatand
chloroplast dealing with light reaction and photo-rule R; compartment with label 2 consists of multiset
inhibition™, specifications of leukocyte selective t» and rule Rand so forth for the other compartments.
recruitment in immune systéth descriptions of
mechanosensitive channels behavior B coli, Membrane structure: The membrane structure is
definitions of Sodium-Potassium exchange pump irrepresented by a string of matching parentheses. It
animal cell§’ and comprehensive approaches ondetermines the possible bi-directional links betwie
Quorum Sensing aspects in Vibrio Fischeri adjacent compartments. For instanpes [[]. [[14 1al1
This study is focusing on two biological processeshas four compartments, in which, compartment 1 is
These processes are analyzed and discussed talsow linked to compartment 2 and 3; compartment 2 isglth
use of membrane computing to define models ofto compartment 1 and 3; compartment 3 is linked to
specific cellular systems. The chosen examples areompartment 1, 2 and 4; and compartment 4 is linked

Membrane system: The membrane system Il is
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only to compartment 3. Links between compartment®,....,.Rn to refer to each of the n rules. The two
are used to establish the communication betweenommon evolution rules in biological processes are:
compartments. For example, if compartment 1 need to

communicate with compartment 4, it has to go thioug
the established links in the membrane structureesin
there is no direct link between compartment 1 and

Transformation rule: It is a rewriting rule that
occur between objects inside a compartment. For
example the rule [X,X]- [X,Y], [means that, when

compartment 4. 1t is only possible for compartmgnt
to have direct link to compartment 4. In this caak,
first compartment 1 has
compartment 3, before the message is passed
compartment 4.

Objects. Xy, X,,..., X, are finite alphabet of symbdls
called objects.
represented as V = {XX,, ...., X}. This means that
there are i different objects in the membrane systé
objects X and % are able to form a complex or bind to

each other, then the new object produced could be

represented asXXo.

Multiset: Objects could be multiplied in numbers to
determine its recurrence and this is called mutfigyl
An element of a multiset has a multiplicity, whicbuld
be either a natural number or real number. Theigelt
is characterized asy ={m;X;, mX; , ...., mXj} in
which, m, m,,....,m are multiplicities of objects X
X,,..., X; respectively. If there is more than one type o

to communicate with

In membrane system, objects are

there are 2 objects of X available in compartment
j, they can interact each other to generate arcbbje
X and an object Y

Communication rule: It is a transportation of objec
from a compartment to another compartment. It
can be either an object in a compartment moving
out or an object moving into a compartment.
Y[X];— [X,Y];j: In this communication rule, object
Y which is outside compartment j is moving into
that compartment. [Y, XL Y[X];: In this
communication rule, object Y, which is inside
compartment j is moving out of the compartment

to

Photosynthesis in chloroplast: Photosynthests® of
higher plants occurs in the chloroplast, where many
membrane-surrounded structures called thylakoids ca
be found. The region enclosed by the thylakoid
membrane is called the lumen. The space between the
chloroplast envelope and thylakoids is named the
stroma. Photosynthesis reactions are classifiedligitt
reactions and dark reactions.

Light reactions separate water intg, @nd H,

object in the multiset, comma is used as separatQLq,ce NADP to NADPH and synthesize ATP. In
between objects to identify each of them as a wniquy,jayoids membranes light is absorbed by the awaten

entity in a compartment. For instance, ¥m myX,],
refers to m units of X and m units of X% in
compartment a.

Rules: The evolution rule is represented in the format:

R;C>> m[v]j 0t uf v]j

pigments of Photo Systems | (PSI) and Photosy Stems
Il (PSI). PSI and PSII are excited by light at den
wavelength and shorter wavelength, respectively. PS
reduces NADP in stroma.

PSII splits water in lumen and transports H from
stroma to lumen. The light reactions are summarazed
follow, where v represents photon, PS represents
photosystem and, L and S represents lumen and &trom

R; = The label of the rule in compartment | 2H,0(L) 0 %313, O, (L) + 4H" (L) 1)

u, v, U, v = Multisets ? ?

k = Reactivity rate or constant assigned to thezNADP(S)+ 2H (S1F51%. 2NADPH(S )
rule

C = Condition to determine either the rule can 4H*(S)O T 4H (L) 3)

be executed or not

C and k are optional in the rule. A rulg R
interpreted as follow: If the condition C is truken the
rule is implemented based on value of k with mattis

Thus, these reactions are linked to each other and
as a consequence of these reactions, the conéentrat
of H' in the lumen increases. This will also increase th
pH level. As the result, ATP is synthesized usihg t

outside membrane j and multiset v inside membrane ¢hemical potential of Hin the thylakoid membrane.

react together to produce multiset outside j and
multiset v inside j. If there is more than one rule in
compartment j, the rules are labeled as ji, R

The reaction is as follow, where P stands for phosp
acid and n is the number of kvhich are required for
ATP synthesis:
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ADP(S)+P(S)+nH(L) - ATP+nH'(S) 4) bound ATP in which certain amount of phosphate

in ATP is transferred to change the pump structure

Dark reactions occur in stroma to make starch fron{c) The new conformation of the pump is described a
CO, and HO using the reduction power of NADPH E.". During this process, Na ions are occluded

and chemical energy of ATP. The reaction is: (d) Thereafter the pump undergoes a conformational
change to the £ state and loses its affinity for Na
CO,+4NADPH- CH,0+4NADP+HO (5) ions. The Na ions are subsequently released; first

one Na ion is released during the conformational
Meanwhile, photo-inhibition is a mechanism to  change from E-E;” when the binding sites are
repress light reaction in high luminosity. One bét oriented toward the extracellular side
photoinhibition mechanisms consists of reactions(€) The pump is in the Estate and the affinity for Na
which occurs when there is no NADP in the stromé an  ions is very low; the two remaining Na ions are

the pH in the lumen is less than 5: released into the extracellular medium. The binding
sites now have a high affinity for K ions
2H,0(L) 0 31, O, (L) + 4H" (L) (6) (f) Two external K ions can bind at this state

(g) The binding of K ions at the outer surface icek
the dephosphorylation of the,E conformation,

O,(S)+ 4H (SN BL- 2H O(S ) which turns to & The release of the phosphate into
the intracellular medium is accompanied by the
4H"(L) + O, (L) - 2H,0(L) (8) occlusion of the K ions
(h) De-occlusion of K ions to the intracellular spas
2NADPH(S)+ 2H (S} Q (S)- M 9) then catalyzed by ATP. The pump returns to the
conformation E which has high affinity for Na
where, M = 2HO(S)+2NADP(S). ions and presents the binding with ATP. The

affinity for K ions reduces and they are released
into the intracellular medium. The pump is now
ready to initiate a new cycle from the active
conformation E-ATP by going into state (a)

Sodium-potassium exchange pump: The NaKpump
(sodium-potassium exchange puffi)is a primary
active transport system driven by a cell membrane
ATPase carrying sodium ions outside and potassium
ions inside the cell. It establishes and maintahnes

appropriate internal concentrations of sodium an
potassium ions in cells, and this important physjalal

MATERIALSAND METHODS

q?eactions and parameters. The information about

tin all animal cells. The NaK h biological reactions and the parameters requiredhie
process present in all animal cells. 1ne Navpump Na o, tions of the two examples of biological proesss

:wotrzzonfor?a'lt;ons, clall_ed 1Ea{1ci kB v_vhlchh_c?]rrtehspond are extracted from the related journal paB’é]rs This
0 the mutually exclusive states in whic € PUMPreactions and parameters are used in modeling

€xposes 1on binding _ sites _alternatlvely on thebiological processes using membrane computing
intracellular and extracellular sides of the membra formalism

lon transport is mediated by transitions betweerseh

conformations. During the translocation across celiodeling: The examples of biologicgirocesses are

membrane, there exist conformations in which themodeled based on membrane computing formalism
transported ions are occluded (trapped within theyytlined in the Introduction section. Here how the
protein) before being released to the other sidéthus  piological processes could be modeled using menebran

unable to be in contact with the SUrrOUnding media. Computing formalism are presented and discussed.
The processé§are as follow:

RESULTS
() At this state the pump is in the conformation E
and it is associated with ATP {ATP). Its binding M odeling Photosynthesis in chloroplast: The system
sites are empty and open to the intracellular spacéhat models photosynthesis reactions  and
In this situation, the affinity is high for Na ioasid  photoinhibition works in a fully parallel mode.
low for K ions Subsequently the behavior of this system will be
(b) Consequently, three Na ions bind to thedefined by the following formal membrane computing,
intracellular sites. The binding of Na ions catalyz where S, T and L represent compartments of stroma,
a phosphorylation of the pump by the previouslythylakoid and lumen, respectively:
1962
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Photo = (V,1,ws, Wk, W.,Rs, R, R) represent the amount of molecule ATP, NADP ard H
Thresholds are used to determine the conditionide p
In the above reactions (1-9), the molecule®©H certain reactivity rate. The amount of object X
CO,, ADP, ATP and @ can be considered constant incompartment a is represented af<.
because they are supplied from air or to stabiiter The Reactivity ratesrr,, rz, fy, Is, fg, I7, Ig, o are
mechanisms. Therefore, the alphabet V contains sifor reaction (1-9), respectivelypgis reactivity rate in
objects that are used to determine the behavidhef photosystem. These reactivity rates are computew) us
system. PSI and PSII are pigments of photosysthats t specific formula8’ based on the character of those
are excited by light at longer and shorter wavelleng reactions in photosynthesis, for instance:
PSIl is categorized into PSllh and PSIIl, which éav
high and low activity. The concentration of H rps= 1-exp(-pvA(PSIih))
determines the PH level. NADP and NADPH establish
the activity of photoinhibition. So, formally, trebjects The evolution rules are written in the format:
are:
. R, :ulv], 0 OO BT ulv],
V ={H", NADP, NADPH, PSI, PSllh, PSIIl}
The tylakoid membrane triggers specific reactionsVe7€: & f2: 15, 14, Ts, Te, 17, Ty, o, T ps @re reactivity rates
. ; and Gg C, Carp are constants.
and consequently it would be appropriate to asdiate der t te the multiolicities. the rule
it acts as a separate compartment with its owrs raiel In order to compute P L
. R . could use both reactivity rates and constants,itbere
objects inside it. Therefore, the system is represkas one of them. There could also be one or more Kdagti
a three membrane structure in the hierarchical form ' ; e
The membrane structure is thus described as: rates and constants in the rule. The mult|_pI|C|t|3§,
m,,...Mmy; are computed at each step of simulation by
using the reactivity rates, the constants and the
Wl Ll concentration of objects in each region. The raled
formulas to generate multiplicities in Photo are
constructed by considering the reactants and pteduc
'of reactions in the photosynthesis given above.s&he
rules and multiplicities are specified as follows:
Rule Rl is formulated from reaction (2). It
transforms one NADP into fiNADP and m NADPH:

The multisetsws, wr, . represent the initial
contents of the stroma, thylakoid and Ilumen
respectively. The initial multisets of Photo witkat
number multiplicities of m m,,...mg are:

ws = {m;H", m;NADP}
:;L)T _ EQZZ*S}I mPSiin} R<1:[NADP], [ - [m,NADP, m,NADPH],
Reactivity rates are used together with specific/Vhere:
constants to compute multiplicities of objects odng ™ = (1-2p)A{(NADP)
in various rules. The constants argsQC,, Carp and M2 = 2RA(NADP)
correspond to the recovering of PSIlh, the maximum ) )
water splitting in lumen, and the maximum ATP Rule R2 is formulatgd from reaction (5) and (9). It
synthesis in the tylakoid membrane. Probabilitiesransforms one NADPH into sjNADPH and mNADP.
strength of photon, thresholds and amount of object ~Rules R1 and R2 determine the activity of
are used to compute reactivity rates. Reacting®hotoinhibition:
probabilities of photosynthesis are representeg;as
p'n, psand ps R¢2:[NADPH] 00 81, [m ;NADPH, m,NADP],
Probabilities p and p, are used to determine to
distinguish the dependency of certain reaction toyhere:
photosystems. Probabilityspgs used to regulate the m,= (1-r;-2r)) A(NADPH)
difference in the numbers of 'Hn lumen and stroma. m, = (rs+2r5) A(NADPH)
Probability psis to determine PSII decreasing reaction.
The photons v andyvrepresent specific and normal Rules R3, R4 and R1 are formulated from
strength of light8arp, Onape @and6y are thresholds that reaction (2), (7) and (9). RulesR transforms one H
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into mH™ and mH" in stroma and rule & transports and the initial multisets. Changes of photosystems
megH™ from stroma into tylakoid. This is followed by PH values were examined with  photosystem
rule Rl which transports gi* from tylakoid into  decreasing activity (disabled whenpsp= 0 and
lumen. These rules determine the concentration'of H enabled wheng = 10®) and strength of light (normal
light v = 1000, strong light v = 10000 and veryosiy
R3:[H ] O T - [mH*, mH ], light v = 10). Through this simulation, PH values and
concentrations of objects were obtained after 100

Rs4:mH [I; D B-[mH'], iterations of rules. The results showed that

Rl:mgH [J, OBH-[mH], photoinhibition mechanism of decreasing activity of
photosystems is effective at very strong light

Where: Conditior{el.

Ms = (1-6- 4r-2r) A(H") In this model reactivity rates and constants aedu

me = 4nAgH" by rules to determine multiplicities of various ebfs in

the system based on specific formula. This appragch
Rules R1, R2 and R2 are formulated from different from the common way of considering
reaction (1, 4, 6 and 8). Rule Rtransforms one H reactivity rates and constants to verify the weighthe
into my H* and mH" in lumen and rule R transports rule in order to select which one of the rules sthde
mgH* into tylakoid. Subsequently rule;R transports €xecuted first. Therefore in this model rules g
mgH* into stroma. These rules also determine theexecuted if the objects involved are present in the

concentration of H system. However the value of probabilities, corstan
thresholds and number of objects verify the valfie o
RLl:[H+]L D IE[S@ Ecﬁ(ﬂ@ [m7H+, r],,|8H-¢- ]L I’eaCtIVIty rate

Ry 2:[myH] 0BT [myH', Modeling sodium-potassium  exchange pump:

R;2:[myH" ]}, 0BT mgH [l Conformational transformations of the NaKpump as
well as the movements of ions could be described by
Where: using the framework of membrane computing. The
my; = ((1-)A(H)+(r1+1g) CL-rsCarp) structure of the model will consist of three region
mg = 5Catp defined by the extracellular Environment (E), the

Bilayer (B) and the intracellular Region (R). The
Rule R3 transforms one PSIih intog®SIlh and bilayer is acting as a medium of communication
mPSIIl and rule R4 transforms one PSIll into between the inner intracellular region and extiatas
muPSIIl in tylakoid. These rules demonstrate theenvironment. Formally the model will be written as:
activity of photosystems:
NaKpump = (V!u! ('OE! ('Q?n (*ha RE: RBv RR)

R, 3:[PSlh} O B - [m,PSlih,m, PSII]

The membrane structure is not in the hierarchical
Ry 4:[PSH; DT~ [m,,PSI, structure as in the Photo model. The three
compartments are positioned in the adjacent maimer,
Where: which membrane B mediates between R and E. In this
My = ((1-tegAr(PSIIh)+Gg), Mio = fesAT(PSIIh) case, R and E are not linked to each other andtthey
My1 = (Ar(PSI)-Cod links only with B. Therefore, its membrane struetur

. . . , can be represented as:
The rules in this system, which are either

communication between compartments O = M lel
transformation of objects, are non-cooperative sule RIBIE
gxgc%e;l :24parallel m(t)de. ]!n th'f_ systeln},l,RRSZ The extracellular environment and the intraceflula
s3, Rr3, Rrd, R1 are transformation rules andA&R region are characterized by multisets of symbolerov
Rtl, R2, R 2 are communication rules. Based on the .
) ) the alphabet:
abovementioned rules, the behavior of Photo as
simulated with predetermined parameter values _
(constants, probabilities, strength of light ancesiold) v ={Na,KNa, K,ATP,ADP,P,E - ATP.E ,E &
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Na, Kand P = Sodium, potassium and phosphate ionsgr_1:13Na,E - ATP} - [3Na,ADP,E ]
Na and K = Represents sodium and potassium ionsg 2:[ADP,E’[l, - E[ADP]
B<- ’ R — R

which, at some time, are occluded

within the pump inside the bilayer
region

At state (h), the conformation, Bble to bind with
the ATP to form EATP. The B-ATP, E, E’, E’

The rules B1 and R2 are based on steps (b and
c). Rule R1 transforms ATP andNa into ADP and
3Na in the bilayer and the conformation,-ETP

changes into phosphorylated fornf Bn the rule B2,
the ADP from the bilayer in phosphorylated statd wi

objects are introduced to represent the conformatiomoye into the intracellular region. Both of thesees

states of the pump and they are characterizedeiribigl
bilayer region. The labels;; ATP E, correspond to the

correspond to the autophosphorylation process ef th
pump:

dephosphorylated conformations of the pump, while

E., EF correspond to the
conformations. These elements are present only
bilayer. The initial multisets are:

w; ={nNa, mK,sATP}

w: ={n'Na,m'K}

W =0

where, n,m,s,n m>0 representing object multiplicities

in integers.
An evolution rule has the following generic form:

Ra C>>uU[v]a- U'[V']a

where, C is condition associated to the rule ani$ it
optional. A rule of this form is interpreted asléoVs: If
the condition C is true,

then multiset u outside

phosphorylated_ R,3:[3Na,E | - [3Na,E ]
"R,4:[Na,E ], ~ Na[E ],

The rules B3 and R4 are based on steps (c-d).
Rule R3 changes the conformation,"fE," and

deocclude3Na into3Na. This changes trigger rules&
where one Na is immediately released into the
environment:
Ry5:[2Na,E |, - 2Na[E }

The rule R5 is based on step (e). Rulgg®R

releases 2NA into environment when the bilayemis i
the conformation state ofE

R:10: 2K[E; k- [2K, E;]B

The rule R10 is based on step (f). RulezI®

membrane a and multiset v inside membrane a reagtansports 2K from environment into the bilayer whe

together to produce multiset u outside a and nailtfs
inside a. If there is no condition then the rulajplied
based on the availability of multisetand v on the left
hand side of the rule.

the conformation state is,E

R, 6:[2K,E ], - [2K,E,,PL,

Let Ay(X) denote the number of molecules X that Re 7B Pl ~ B[Pk

exist in membrane a. The sets of rulas Rs, Rg,
consist of the following component rules:

Rel: (RA(Na)k ORA(K)2k,)>>Q

Q = E-ATP[3Nak - 3Na, E-ATP[Jx

The rule R1 based on steps (a and b). The rule

Rr1 will activate the pump if the following conditien
will be fulfilled: RA(NA) = Ag(Na)/Ar(Na) is under a
threshold k and RA(K) = A(K)/Ar(K) is beyond k,

where k and k correspond to the ratios at steady-stat

concentrations. When three molecules qfffédm the
intracellular region are transported into the lelqythe
conformation state is.FATP:

The rules B6 and R7 are based on steps (f and g).

Rule Ry6 occludes 2K int®K and transforms £ into
E,. Rule RR produces P in bilayer which is then
transported into the intracellular region.

R, 2:E,[ATP], - E,,ATP[,
R,8:[2K,E, ATPL - [2K,E ,ATP],

The rules R2 and R8 are based on steps (g and

eh). Rule R2 releases ATP from the intracellular region

Iintobilayer when the conformation state is Ehe next

rule, Rs2, de-occludes2K with ATP to produce 2K
and transforms the conformation statdarfo E-ATP:
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Rg9:2K,E ,ATP[}, — E - ATP[2K], same level. The Photo is represented as three
compartments in hierarchical manner and NaKpump is

The rule R2 is based on steps (a-h). Ruleg9R represented as three compartments at the same lievel
releases 2K from bilayer into intracellular regiohen ~ Would be easier to specify the links for membrane
the conformation state i ATP. structure of a hierarchical system, since in thigcsure

The conformation states are represented as objecds Compartment is required to communicate with its
in the bilayer and they operate in two ways. Fjrstl adjacent compartments based on the hierarchical
they act as catalysts to stimulate a transformatioffangements.
process or a transportation or release of an objean _ Meanwhile in Nakpump, the membrane structure
adjacent compartment. Secondly, they are also table IS formulated by taking the links between the aelfic
transform from one to another conformation states. ~ compartments, in which in this case there is nciptes

The transformation rules occur only inside of thelink between R and E, and, B is mediating between
bilayer. The rules are f2, Rs3, Rs6 and R8. The them. R, E anq B are _arranged in a sequence in
communication rules are between the intracellulafN@Kpump. The links in this membrane structure could
region and bilayer and, between bilayer andbe formed because there is only a single quacent
environment. The rules aresR Re2, Rsl, Re2, Rud compartment for each compartment and the positbns
Rs5, Rs7, Rs9 and R10. the compartments in the system are fixed accoridiray

In Nakpump the rules are executed in a maximafeduence. However if there is more than one adjacen
parallel and nondeterministic manner. The real remb Compartment to a specific compartment and thereis
defining multiplicity factors, occurring in Photare ~ S€duence to position the compartments , links have
replaced by integers defining number of molecules. P€ esé?bl'Shed and in this case binding rules are
this model there are no additional functions cormgut needed’. Membrane structure for most of the
the associated multiplicity values. These values arPiological system is quite complex and this coud b
constant elements in the rules defining the systerﬁeprese_m%d as tissue or population type of mersbran
behavior. A new factor occurring in this model et Computing”.
existence of a (Boolean) condition associated with ] . )
that need to be fulfilled for this rule to be apgli(rule ~ Objects and multisets: As can be seen in the both
Rsl ). This model is also not utilizing reactivitytea or ~ Piological processes, besides chemical substances,
constants as in the Photo model. This is becaus@olecules and ions, there are also other elemeitis w
NaKpump is under the control of regulatory specific characteristics participating in biolodica
mechanisms. For instance, the intracellularPfOC€SSes. These elements as well need to be eegard
concentrations of ions determine the maximal agtivi &S Objects to model the processes. In Photo, P&l an
of the pump in which whenever Na ions rises, thepu PSIl, pigments that are exited by light, are also
works more rapidly to expel the excess gfidhs, thus formalized as objects. IPn NaF})<pump the conforma}t!ons
lowering its concentration to a steady state valpe. States EATP, B, B, B represent  specific
addition to that, the rate constants of competireps characteristics of bilayer. These states act awliis to
that would decrease the efficiency are quite sradi alter the chara_cter of the ion inside the compantma
this ensures that the binding and the releaselstsate  that case, in order to model the processes,

occur at the proper point in the cycle of the plinp conformations states are also considered as objects
this respect, there are mixture of different chtmacof
DISCUSSION objects in Photo and NaKpump. On the other harid, it

also essential to determine the way to represedt an

The two examples discussed above showed thaf€asure the amount of objects in the system. The
there are fundamental principles in representin bjects concentrations are measured in real nunibers

biological processes using membrane computing "Ot0 and, in integers in NaKpump. The real number
although there are differences in specific appreach ~ multiplicities of objects in Photo are determineyl b
representing and implementing the models. The maigPecific formulas that are represented in the rufée
components of abovementioned models are objectd!t€9er multiplicities of objects in NaKpump are
multisets, membrane structure, compartments aeg.rul ?jzgrated based on the interactions of objectien t
Membrane structure: Membrane structures as shown
in these biological processes are either in hibieat  Rules and parameters. The rules explained in both
compartments or the compartments are positiontiteat biological processes, are extracted directly oiraudly
1966
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from the reactions taking place in real biologicalof the former will remain intact. In endocytosidera
processes. In Photo the rules are formulated bipgak compartment outside another compartment will be
into account the related reactions in photosyn#hesi moved inside the latter, and the contents and rofes
whereas in NaKpump the reactions themselves ak us¢he former will remain intact. All these reactions
as rules. All the rules explained above areinvolve structural changes that need readjustmétit w
communication and transformation rules. In botresas the links between compartments as well as in the
the reactants on the left hand side of the rule aréierarchical structure of the system. In that regpthe
evolving into products on the right hand side o th membrane computing formalism needs expansion in
rule. These rules could also contain reactivitgratd  order to accommodate these reactions.

condition. In Photo rules, reactivity rates and stants

are used to determine the real number multiplieibé  Simulation strategies. In  Photo, the value of
objects. In this case, all rules have the sameilpitisss parameters and reactivity rates are based on Bpecif
to be executed at certain time step if the reastanthe  formulas. These elements determine the concentratio
rules are present. This means that, the variouwdivég  of objects in the system. Some reactivity ratesfiaesl
rates and constants are used to accumulate antblcontand some are determined according to certain
the multiplicities of objects in Photo. On the athand,  condition§?. However, the simulation strategy used is
the rules in NaKpump are without any reactivityegat based on the selection of these reactivity facidrh
This means that all rules are possible to be erdcifit determine the direction of the simulation. In thiay,

the reactants are present. However, the system the model is executed in maximally parallel but e
operating in a cycle in which the products that areselection is determined based on the reactivitgstat
generated by a rule are used as reactants by thdowever, the simulation implemented here is notlas
following rule. The Boolean condition is another on stochastic algorithm such as Gillespie Algorffim
attribute that could be present in the rule. In NakKip, to simulate probabilistic model. Since the altenasi of

the Boolean condition is generated by measuring theeactivity rates in this model are based on specifi
ratios of ion Na and ion K in the system. True Ba@ol  conditions and are not based on the concentratfon o
condition in rule R1 is indicating the starting point of objects in the system, it will be difficult to ushe

the cycle of the process, and, when the Booleaillespie Algorithm. Meanwhile, NaKpump is a cycle
condition is False the process will not start. Bfi@re, and only a rule will be executed at a time when the
Boolean condition can act as decider in executing aequired objects to be consumed by the rule idalai
rule. All rules defined in both examples above areTherefore the maximally parallel and nondeterminist
communication and transformation rules. But this\wvo character of membrane computing is not practically
be the case for complex biological processes whiclimplemented.

could involve the structural change of membranen&o

of the common biological reactions that alter the CONCLUSION

membrane structure are membrane division, membrane

dissolving, membrane differentiation, membrane ldeat The examples above showed that the biological
exocytosis and endocytosis. In division rule aprocesses could be modeled in better way by using
compartment will be divided into two new membrane computing. This approach can counter some
compartments where both of them are of same type axf the limitations in the conventional method based
the original compartment but the contents (objests differential equations. This is mainly because
multisets) of the original compartment will be diegd membrane computing is capable of abstracting those
among them based on conditions determined by thbiological structure and processes to represent thea
rule. In dissolving rule a compartment will be dis®d formal way without disregarding its biological
and its contents will be moved into the adjacentcharacteristics.

compartment outside it. In differentiation rule a The examples also demonstrate the modeling
compartment type will be converted into anotheretyp capabilities of membrane systems, to the aim of
This means that the content and rules of newdescription of specific cellular phenomena. The
compartment will emulate the character of the ngvet biological data (available from laboratory expents)
assigned to it. If a death rule applied on theconcerning a particular biological processes, altow
compartment, then it will be deleted from the syste define model using membrane computing which have
along with its contents. In exocytosis rule aturned out to be extendible in describing some more
compartment enclosed inside another compartmeht widistinct natural conditions, besides those analyired
be moved out from the latter, and the contentsraled  laboratories by microbiologists. Therefore, it g

1967



Am. J. Applied Sci., 6 (11): 1960-1968, 2009

possible to infer that a preliminary but rather eoful

modeling potentiality of membrane computing hashbee

established.

Though the membrane computing formalism is

able to represent most of the biological procesisas

involve membrane structure and fundamental prosesse

it will need to expand its formalism to represerdren
complex biological processes that involve hierarahi
structure as well as structural change of membrane.
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