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Abstract

The Golgi apparatus is the place in the cell where proteinsane for a
maturation phase before their excretion. Several hypethes its dynamics
have been formulated under the form of schematic models. GQdilgiTop
working group initiated by the Epigenomics Project (Gerep&vry) aims
at studying the 3-dimensional structure and dynamics ofGbégi appara-
tus by building 3D structures with the help of computer giaphools and
by animating them using transformation rules which depemdopological,
geometric and/or biochemical data. Finally, we introdudesd proposition
for a computer-aided methodology for helping biologistutwlerstand and
choose hypotheses about the topology and dynamics of thgg gxparatus.

1 Introduction

The Golgi apparatus is the place in the cell where proteinsane for a mat-

uration phase before their excretion. The generic shapeeo?tdimensional
projection of the Golgi apparatus is widely known and ratesily recogniz-

able since it is often located near the cell nucleus and ceegbof a stack
of 5 or 6 flattened cisternae surrounded with numerous \&sidVioreover,

biochemical studies have established that the main roleeoBblgi apparatus
is the maturation and transportation of proteins. In palég the Golgi ap-

paratus is the central point for ensuring the excretion ofgins towards the
cell environment. In fact, this few and basic biological wiedge about the
Golgi apparatus is shared by the whole scientist community.

It remains some open questions about the Golgi apparatugpartrcular,
answering both following interlinked questions would bsedial for a better
understanding of the functioning of the Golgi apparatusst,fiwhat are the
plausible 3-dimensional structure of the Golgi apparatis from a topolog-
ical and geometric point of view? Secondly, what are the dyin@opological
transformations of the Golgi apparatus which ensure théepraexcretion?



These questions are widely studied and several hypothesesleen for-
mulated under the form of schematic models. These last owessgme
intuitions on plausible transformation rules likely to ¢éxip the functioning
of the Golgi apparatus. In fact, since no experiments alloe/to fully access
neither the 3D Golgi structure nor its dynamics, some infation is missing
or misleading to discriminate among the ongoing hypothgseposed by
biologists which one is the most convincing with respecthe biological
observations. Numerous experiments, in particular conegrlocations or
flow of enzymes or various proteins, are achieved to completdoiological
knowledge about the Golgi apparatus. Results issued fresetbxperiments
can be interpreted according to each hypothesis. As a coasegq, the con-
troversy is continuously sustained since supporters ov@ghypothesis em-
phasize the biological results which better fit with theivdate hypothesis
and neglect the other ones. At the moment, it is then not plest discrim-
inate between these hypotheses. Finally, the large amdumbris on the
Golgi apparatus indicates that the 3D structure and therdigsof the Golgi
apparatus involve really complex and subtil mechanisms.

The GolgiTop working group initiated by the EpigenomicsjBob(Genopole,
Evry) aims at studying both the 3D structure and the dynawiicke Golgi
apparatus by building 3D structures with the help of compgtaphics tools
and by animating them using transformation rules which ddma geometric
and/or biochemical data. For each considered hypothesshwid a 3D
structure and animate it with rules which capture the essehthe underlying
Golgi apparatus hypothesis. An analysis of 2-dimensioeetiens helps us
in calibrating them according to available biological otvs¢ions. The initial
postulate of the GolgiTop working group is that using conagpional tools
to model and simulate such systems is essential. This mtbgnition
of the main characteristics of the phenomenon, choice ofathiopriate
level of abstraction, and comparison of different modelsthe case of the
Golgi apparatus modelling, compartmentalization is anartgmt issue and a
spatial representation of the compartments is needed widedoth static
and dynamic characteristics [10].

A variety of approaches have been used to model cellulaesyst In par-
ticular, rule-based modelling has already been advocatediéchemical re-
actions since biochemical reactions can be easily tratsiato transforma-
tion rules. In the case of rule-based modelling, formal radthlike model
checking [1] or symbolic execution [7] have been fruitfudlpplied to verify
that the model satisfies a known property of the biologicatey. However,
many rule-based models ignore compartmentalization asat the system,
unrealistically, as a homogeneous environment. Receetbased modelling
takes into account different compartments (see Brane lcg3¢LBioambients
[13] and BioCham [2]). In these models, the compartmerdébn only
captures static topology or simple topological modificasiqresulting, for
example, from endocytosis or exocytosis) but not geomaspects (such as



the position and shape of the objects).

Topology-based geometric modelling [6] is particularlyapted to represent
compartmentalization and is widely advocated for computtaphics. It deals
with the representation of the structure of objects (thekcamposition into

topological units: vertices, edges, faces and volumes)adutide neighbour-

hood relations that exist between topological units. Htis¢opological struc-
ture and geometry separately; this means that the topa@bgroperties of

objects can be studied without knowledge of their geomelnya previous

work [9], we formally expressed basic topological openasion terms of

generic rules that can be applied to a large family of topicllgpbjects and

we illustrated this topology-based approach using as elesngesp. a simple
interaction between two cells.

The paper is a short version of [8]: in this paper, we intemdity discard all

technical elements related to topology-based geometraething (see [8] or

[6]). On the contrary, we focus on our methodological apphodevoted to
help biologists to analyse their hypothesis with compaided model anima-
tion. The main difficulty is to find an appropriate trade-ofittyeen simplicity
and fullness. Indeed, models should be sufficiently simplaliow manip-

ulation and reasoning on them but also sufficiently compietecorporate

pertinent elements which are involved in the phenomenoriumebdelling.

Section 2 introduces some basic features of the Golgi apmaré&ection 3
presents three ongoing hypotheses on the dynamics of thgg Gmparatus.
Section 4 describes our rule-based topological approackh& simulation
of the models. Finally, in Section 5, we briefly present oumpaiter-aided
methodology for helping biologists to understand and chdypotheses about
the topology and dynamics of the Golgi apparatus.

2 The Golgi Apparatus : general description

Discovered by Camillo Golgi in 1898 in the cytoplasm of negaglion cells,
the Golgi apparatus (or dictyosome in plants) is an orgartbkt formed an
extensive perinuclear network. Thanks to the use of electnicroscope,
[4] confirmed in 1954 that in the juxtanuclear area of mamaratells, the
Golgi apparatus usually appears as a system of stacks daflglapposed
lamellae also known as saccules or cisternae. It is now widewn that the
Golgi apparatus is present in most cells as an organelle mpae stacked
flattened saccules and vesicles. As an illustration, letisekwve the electron
micrographs 1(a) and 1(b) (this last one can also be fount2]).[ The Golgi
apparatus appears on 1(a) as a stack of 5 disconnectedhaes{gine saccules)
bounded with a phospholipidic membrane (see the imagegparhis saccule
stack is usually surrounded by small vesicles that bud a@um fthe saccules
(see the image paxt on Figure 1(a)). Notice that on some pictures like the
one given by Figure 1(b), the saccules appear perforated imthge parP



depicts such regularly perforated saccules.

',

(a) Saccules stackand vesicley (b) Saccules perforation

Figure 1: The Golgi apparatus

Using histochemical techniques at the light microscopdesdal] has
observed in 1969 an irregular presence of carbohydratdsinvihe Golgi
apparatus. Indeed, a carbohydrate gradient appears frerfatie close to
the nucleus, (which contains few such carbohydrate stang)e other face
(which contains a lot of carbohydrate stains). Thus, thegGapparatus is a
polarised object: theis face is directed to the endoplasmic reticulum while
the oppositéransface is often directed to the plasma membrane. Subsequent
radioautographic and biochemical studies revealed treatablgi apparatus
is involved in the elaboration of complex carbohydrates,poggressively
adding carbohydrate elements from dis face to itstrans face. This may
be detailed according to the two following points:

e The main function of the Golgi apparatus is to sort proteymisesized
by the cell and then to transport them from the endoplasnticulem
to adapted locations as the plasma membrane or lysosomes.

e During the transportation inside the Golgi apparatus,gnstare sub-
jected to a maturation phase by the means of loss of pepgdgesices
and addition of sugars (glycosylation) or sulfate (suliata).

3 Three hypotheses on the dynamics of Golgi apparatus

Because of observation limitations, the complete strectirthe Golgi ap-

paratus is not precisely known. Indeed, with optical micogg/ techniques,
biologists observe the dynamics at the cost of a small résoluhat does

not allow them to observe the structure. By contrast, ed@ctnicroscopy

provides high resolution pictures but the observation isedon thin and

inert sections of the Golgi apparatus. Last but not leasisdlthin sections
lead to many interpretation mistakes whes-dimensional reconstruction is
performed (for instance, both spheres and tubes sectioaga®ar as discs
on a picture).



In particular, the path that proteins follow from the endxgphic reticulum
to the plasmic membrane or lysosomes is not well known. Gpreely,
three main hypotheses exist [5].

3.1 Vesicular excretion

The first hypothesis views the Golgi apparatus as a statem@ite composed
of a stack of disconnected flattened saccules surroundédwiherous vesi-
cles. Vesicles are supposed to play a major role in the egaref proteins. In
this vesicular secretion hypothesis (see Figure 2), ancggde of endoplas-
mic reticulum ER) fragments generates disconnected sacc@pfoteins
migrate through the stack by means of vesiclésthiat jump from one saccule
to another. They are finally evacuated by the means of segrgtanules G)
that bud out from thdrans face. We know that enzymes in charge of the
activation and the maturation of proteins are located neacis face of the
Golgi apparatus. In this first hypothesis, those enzymesstayin the first
saccules that are motionless by definition.
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Figure 2: Vesicular excretion

3.2 Saccule maturation

The second hypothesis appears quite similar to the first moe shey both
suppose that vesicles play a major role in the excretion ofegns. In the
saccule maturation hypothesis (see Figure 3), sacculestiirdisconnected
but follow an anterograde movement from tiisface to thdransface which
supports the transport of proteins. Here, vesicles movegak retrograde
flow in order to return enzymes that are useful at the bego(mear thecis
region), of the protein pathway to ensure protein maturatio

Vesicles issued from the endoplasmic reticulum fuse tagdthform the
cis saccules. Saccules are then shifted forward totrtéues face when new
saccules are created at ttisface.
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Figure 3. Saccule maturation

3.3 Continuous membrane flow

The third hypothesis promotes a continuous 3D structurdhferGolgi ap-
paratus. The saccules are no more isolated but connecteth&rdo form a
unigue continuous structure. Such a view can be represéytdee Figure 4.
This continuous hypothesis does not rely on any vesiclspartation. On the
contrary, it considers a continuous membranes flow (seer&igliemerging
from the endoplasmic reticulum. Indeed, observed endoptageticulum
fragments and vesicles are interpreted in this hypothesssrall sections of
a tubular network that connects the sacculEp (n this case, proteins may
follow the membrane flow and diffuse from one saccule to ago#fong the
tubes while enzymes may diffuse following a retrograde nmoset. More-
over, in this last hypothesis, the saccules perforation exgjain the creation
of the secretory granules by the rupture of the junctionsites from the
perforation.

Figure 4. Continuous membrane flow



4 Topology-based simulation technics

4.1 Topology-based geometric modelling

It seems clear that among the numerous features involvdteiGblgi appa-
ratus (from the precise shape of the object to the differenlenule flows),
the role played by the topology is decisive. Thus, a releadstraction of
the previous Golgi Apparatus hypotheses must handle thigpooent. In
[9, 8], we have already proposed a topology-based absiradedicated to
the animation of simple biological processes.

In order to take the biological compartments in our moded iatcount, we
rely on the topology-based geometric modelling (topolabmodelling for
short). This field of the computer graphics deals with theesentation of the
object structure (their decomposition into topologicaitsmnvertices, edges,
faces and volumes) and of the neighbourhood relations that between
topological units. Among numerous topological models, \wease then-
dimensional generalised map [@}G-maps for short). It defines the topology
of ann-dimensional space subdivision and allows the representat a large
class of objects This topological model has the advantage of providing a
homogeneous mathematical definition for all dimensionghigpaper, we do
not give details about the G-maps model for describing togichl structures.

4.2 Topology-based abstraction of Golgi Apparatus hypothe ses

In Section 3, we introduced three hypotheses that may exiaibehavior of
the Golgi apparatus. Two of these hypotheses implicatelssin the trans-
port of proteins while the third hypothesis involves a contus membrane
flow in a tubular network. In this section, we use our topokii@ged approach
to model on one hand both the vesicular excretion and theiEaotaturation
hypotheses and on the other hand the continuous membranbyfmthesis.
Indeed, the vesicular excretion and saccule maturationthygses are strictly
identical from the topological point of view while the camtious membrane
flow introduces significant topological differences (cocteel and perforated
saccules).

Figure 5 illustrates tha-G-map topological representation of the vesicular
excretion and saccule maturation hypotheses. We call filtdte stack model.
Figure 6 illustrates th8-G-map topological representation of the continuous
membrane flow. We call it the tower model.

The topology-based geometric modelling allows one to pamistract
geometry and to focus on pure topology which is, as we sa@ntbst rel-
evant distinction between studied Golgi apparatus hymathe When it is
necessary, geometric shapes can be associated with thiedgmad units.
On Figure 5 and 6, the geometry is basic (here, the objectacets be
polyhedric) but the topological differences between hijpses are captured.

LQuasi-manifolds, orientable or not.



Figure 5. Plate stack model

The first distinction is the connection between the sacdigsrhe proteins
are transported through vesiclag)(in the plate stack while they diffuse into
tubes ) that connect the saccules in the tower model. As we see, a@seh
to abstract both saccules and vesicles with volumes witlchwvie associate
concentrations that abstract proteins (concentratiodignas are modelled
by subdividing volumes and associating different con@itns with each
subdivision). Moreover, from a topological point of viewtabe between
two saccules is represented with a volume stuck betweencimeected sac-
cules. Because topological models allow one to handle bafdeolumes,
we abstract the transport of proteins by associating pditityeon faces that
connect saccules to tubes. The second topological digimcbncerns the
creation of the secretory granules. In the plate stack, ¢leeesory granules
(G) bud out from theransface (see arrows of Figure 5) while in the tower
model, they are constituted of saccule pieces that resoih fthe rupture
(framed on Figure 6) of the bee nest structure that abstthetperforation
(according to the biologists, the perforation appears @egvely from the
cis face to thetransface). Finally, small parts of the endoplasmic reticulum
aggregate into saccules in the first model, while the endoplareticulum is
connected to theisface in the second one.

4.3 Topological transformation rules

In order to edit topological objects, computer scientisggehdefined many
topological operations on the G-maps. In [9], we have formally expressed
the basic operations as graph transformation rules. Inrdod@odel biologi-
cal cellular processes we may want to attribute differentl&iof information
to the topological units. For instance, we may want to attgpbks, biochem-



Figure 6: Tower model

ical data, geometric data (when the biological observaditows it), etc. to
the volumes that abstract the biological compartments.sTtue may want
to write transformation rules whose application dependvanes of these
different data and that modify them.

In order to animate the plate stack model and the tower maaehave to
write the rules that capture their dynamics. We succindthg ¢gwo examples
of such rules. They are detailed in [8] and are illustratedrigure 7 and
Figure 8.

v
v

(a) Matched pattern (b) Result

Figure 7: Gluing a vesicle with a saccule

The first rule is dedicated to the plate stack model. It mottedsgluing
of a vesicle with a saccule which initiates their fusion. & 7(a) introduces
a simplified representation of the matched pattern, it aoata vesicle )

close to a sacculeS. The transformation rule glues them and updates the

position of the glued vesicle (see Figure 7(b)).
The second rule is dedicated to the tower model. It providegans to



(a) Matched pattern (b) Result

Figure 8. Perforating a saccule

perforate the saccules (which is one of the behaviors atabeaf the con-
tinuous membrane flow hypothesis). The matched patternKiggeee 8(a))
contains two close face&t) and Eb) that belong to the same saccule (one
is on the top, the other on the bottom). The rule executes énforation
removing facesKt) and Eb) and linking their neighbours (see Figure 8(b)).

These two examples are well-representative of the tramsfton rules we
need in order to animate the plate stack and tower modelsinBtance, in
the plate stack model, most of the topological operatiomsisbin sticking (it
is the case of the example rule) or unsticking topologicgctis. Notice that
the stick operation can also be used to aggregate the piéegsioplasmic
reticulum that constitute a new saccule while the unstickragon is used to
abstract the budding out of vesicles and secretory granules

We should notice that geometry plays a decisive role in atfiongrocesses.
The geometric data that influence the biological functionase abstracting
are handled in the condition associated with the rules. Rstance, when
a rule is applied it can take the proximity of objects into @aoat. Other
phenomena, e.g. collision detection between vesiclesarets®y granules,
should be ignored. In fact, many of them only influence theafisendering,
and we do not consider this issue as significant in our context

5 Toward a topological discrimination of Golgi Apparatus hy -
potheses

5.1 Iterative construction of the topological models of the Golgi appa-
ratus

Both models, the plate stack one and the tower model, havediaborated
by following a loop of topological model refinements. Bioisig have deeply
analysed intermediate models by proposing many topolbgadates. This
is particularly true for the continuous membrane flow for @hihe tower
model presented in Figure 6 gives a first insight of its ped@pological



structure. The study of vertical sections of tower model played an im-

portant role in the biologists’ validation process (seef{]an illustration of

such a vertical section). Our tower model, which has beerated by the

biologist observation of perforations and by the interatien of vesicles as
small sections of tubes, is fully compatible with the elentmicrographs that
are usually used to promote the vesicular excretion andusacoaturation
hypotheses. Thus, the tower model is a first original coutidn of our

topological abstraction process since it has been showa tmbsistent with
the biological observations.

5.2 Discrimination methodology

The definition of adequate transformation rules is mangafimr animating
the topological models but is not sufficient to simulate scmimplex systems.
The rules only define the syntactic part of the simulationspther words,
they define what kind of transformations the simulator pen® Our ongo-
ing work consists in exploring what kind of strategies havdé taken into
account when applying transformation rules in order to @emulations. In
order to help the biologists to better understand a givetobioal complex
system, we furthermore aim at introducing a computer-aichethodology
for analysing topology and dynamics of different hypottsesgsociated to the
biological system. Our goal is not to build an accurate mdolglinstead, we
would rather discriminate between the different models emoose the one
which best approximates the observed phenomena. Howevyaoperly de-
fine our discrimination methodology, we need at first to defireeparameters
of the models.

Table 1 gives an example of parameters that have been destusth biol-
ogists about discrimination of Golgi apparatus hypothe3ée first column
displays the name of the parameters. An approximation of tiadue when
they exist (according to the biological state of the art)egp in the second
column. A valueOUT means that the parameter is computed within the sim-
ulation. The third and fourth columns tell whether a givengpaeter makes
sense in respectively, the plate stack model and the towdemdhe given
set of parameters is not exhaustive but contains the pagasnainsidered by
the biologists as the most relevant for the comparison ofwloemodels.

The first six parameters are input parameters (their valuegaen by
the biologists, according to the observations) and are tuseuditialize the
topological models. They are associated with the topoligimits at the
beginning of the simulation and can be refined as we discuskeimext
section. The vesicle and tube diameter are also input paeasnbut fit to
only one topological model (respectively the plate stacklehi@nd the tower
model). Let us remember that depending on the hypothesigeveamsid-
ering (vesicular excretion, saccule maturation or cordugimembrane flow
hypothesis), the same pieces of an electron micrograph €@oisidered as
vesicle or tube section. Thus, vesicle and tube diametet bauthe same. In



Table 1: Simulation parameters

Parameters Value Plate stack Tower
model model

Membrane tickness mm Yes Yes
Number of saccules 6 Yes Yes
Saccule thickness 30nm Yes Yes
Saccule length 50 x 30nm  Yes Yes
Secretory granule diameter 120mm Yes Yes
Number of proteins in a granule600 Yes Yes
Vesicle diameter 60nm Yes No
Tube diameter 60nm No Yes
Membrane quantity our Yes Yes
ATP consumption ouT Yes Yes

other words, updating one of them implies to update the ather Finally,

the last two parameters: membrane quantity and ATP (it igtleegetic unit
of the cell) consumption have been chosen among othersddrdinate the
topological models. Biologists think that the quantity oémmbrane within
the Golgi apparatus (vesicles and secretory granules takeopit) must be
constant in time. Thus, if reaching a wanted quantity of¢panted proteins
within the Golgi implies to break this property in one modéils could allow

the discrimination of the two models. In the same mannerfdbethat the
guantity of consumed ATP reaches a critical level could kertininating too.

The proposed methodology, which is based on successiveagions
of the topological models that implement the hypothesed|ustrated on
Figure 9. The figure only takes into account two topologicabels but can
easily be extended. The different kinds of parameters destin the pre-
vious sections are introduced. The input parametei§ @nd/N,) are used
to initialize the simulations of, respectively, topologienodels)M; and M,
that implement the selected hypotheses. Note that, asssisdwearlier, some
parameters can be specific to only one model, but are caetelatparameters
of the other model. This consistency between parametefd,odnd M, is
necessary for the models discriminating proce3sl7; andOUT, parame-
ters result from the simulations of, respectively, and M, (for instance, the
flow of excreted proteins are output parameters for both nspd€he results
of the simulations are compared with biological experinaébservations
(OBS on the figure). Our methodology then consists in a refinemerdgss,
that is modifying the set of input parameters according sodbservations.
Note that the models must not be refined independently: tliatep still
guarantee the consistency betwdéwny and/N,. Thereafter, we reiterate the
simulation, comparison and refinement processes. Thisdoup at making
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Figure 9: Models discrimination loop

both models converge toward the experimental observatidfesthen select
the model that better approximates the observation or Béiteithe one that
do not converge toward the desired output values. More gecia model is
given up when one can no longer update parameters in a sébigfananner.
If such a model is not consistent with available biologiaid it is refuted and
only the other model is considered for further analysis. @ethodology is
intentionally simplistic. Our goal is to consider modelssanple and abstract
as possible to be analysed by biologist experts. When nagesscording to
observations or in order to discriminate models, detailedhents are grad-
ually incorporated in the models in order to make models ncoraplex, up
until the moment biologist experts can discard one of theetsodrhus, there
is a trade-off between abstraction of the models and the okedormation
to discriminate models. The development of finer models m@souseless
even if these finer models would be more plausible with reisfethe real
biological processes under consideration.

Conclusion

In this paper, the Golgi apparatus is widely recognized asraptex bi-
ological system where topology plays a key (but poorly-usti®d) role.
In the GolgiTop working group, we develop a topology-baseethnad of
modelling cellular processes. This method puts in placesfaamation rules



that allow simultaneous simulation of topological, geomeceand biochemi-
cal mechanisms. This facilitates a better understandingeidynamics of
these cellular processes that strongly depend on compasdiization. We
first study two very different topological representatidased on the three
principal hypotheses about the topology of the Golgi: ingdlege stack model
corresponding to both vesicular excretion and saccule ratbn hypotheses,
saccules are disconnected and proteins move from one satxw@nother
via vesicles, while in the tower model corresponding to the aited con-
tinuous membrane flow hypothese, saccules are connectbdiwties that
allow proteins to cross the Golgi. Finally, these topoladjimodels can be
animated using transformation rules that are determingtidbgeometric and
biochemical data and that determine both these data andpbigy itself.
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