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Abstract

Whole cell responses are complex because they involve many subcellular processes (SCPs) that
need to function in a coordinated manner. Detalled understanding of how different SCPs
function in a coordinated manner to produce an integrated whole cell response requires
mathematical models that capture the dynamics of the individual SCPs as well as the
interrelationship between the dynamics of multiple SCPs. We studied neurite outgrowth the
initial process by which neurons develop axons and dendrites to understand how balance
between subcellular processes is essential for the growth of neurite at experimentally observed
rates. Neurite outgrowth involves two types of SCPs. membrane vesicle
production/trangport/fusion at the growing tip that adds membrane to the growth cone and
neurite shaft, and microtubule growth and stabilization that regulates extension of the neurite
shaft. Each type of SCP is composed of multiple lower level SCPs. We developed
multicompartment ordinary differential equation based models to simulate how coordinated
activity of these types of SCPs leads to neurite outgrowth. We utilized imaging experiments of
primary cortical neurons to obtain velocities of neurite outgrowth and used these growth
velocities as overall constraints with the starting postulate that the two types of SCPsinvolved in
neurite outgrowth need to be in balance to produce a steady velocity of neurite outgrowth. We
expanded previously published models of vesicle transport and microtubule growth, using
experimental data from the literature to model in depth the various SCPs in each type and how
they interacted. We developed analytical solutions that allowed us to calculate the relative
relationships between different SCPsin a type that is needed to achieve overall balance between
microtubule growth and membrane increase at the growth cone. Our models show that multiple
loci within each type of SCPs are involved in obtaining balance between the two types for a
specified velocity of neurite outgrowth. Parameter variation exercises allowed us to define the
limits of variation within lower SCPs within a type that can be tolerated to maintain growth
velocities. We conclude that as multiple SCPs come together to produce a dynamic whole cell
response there is an identifiable hierarchy wherein there are redundancies at lower level SCPs,
but critical quantitative interdependencies at the higher levels.
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I ntroduction

Whole cdll responses that involve, both morphological and physiological changes, are complex
because they can engage many subcellular processes (SCPs). Such coordinated changes often
lead to change in cdll state, such as moving to a more or less differentiated phenotype. Detailed
understanding of how different SCPs collaborate to produce an integrated whole cell response
requires both experiments, and mathematical models that capture the dynamics of the individual
SCPs as well as the interrelationship between the dynamics of multiple SCPs. Neurite outgrowth
isan early event that changes state of neurons (Arimura and Kaibuchi, 2007). This change in cell
state allows neurons to mature by developing axons and dendritic trees that connect to other
neurons and become electrically active. Many mathematical models of neurite outgrowth have
been developed (Kiddie et al., 2005; Wissner-Gross et al., 2011) and these models have provided
valuable insghts into how complex biological processes can be modeled at various levels of
description. Often these models abstract the details of the underlying mechanisms and
consequently it is difficult to decipher how the balance between the various SCPs is achieved to
enable whole cell responses. Some studies have focused on specific facets of the neurite
outgrowth process such the role of signaling and regulatory motifs in determining how neurites
get to be selected to become axons (Fivaz et al., 2008). Such models are useful in understanding
regulation of complex cellular responses.

To understand how whole cell responses occur, it is necessary to delineate the quantitative
balance between the dynamics of the SCPs. In the case of neurite outgrowth, two types of SCPs,
membrane vesicle production/transport/fusion at the growing tip, and microtubule growth and
stabilization need to be in balance to achieve neurite growth. Tsaneva-Atanasova et a (Tsaneva-
Atanasova et al., 2009) developed a modd that studies interaction between microtubules and
membrane vesicles in regulating network outgrowth. The framework of this model serves as a
useful starting point for more extensive models where we can consider how a group of distinct
but related SCPs such as vesicle budding, vesicle transport and vesicle fusion along with a
second group of SCPs that involves microtubule nucleation, microtubule growth and conversion
of active to stable microtubules interact to enable the growth of neurites. Such detailed models
could serve as basis for determining the relationship between the kinetic parameters and changes
in levels or activities of molecular components within the different SCPs could be regulated by
signaling networks. To develop a detailed model of neurite outgrowth based on interactions
between SCPs of different types, we constructed a multi compartment ordinary differential
equation modd to extend and integrate the microtubule growth model developed by Margolin et
a (Margolin et al., 2012) with the vesicle transport model by Heinrich and Rappaport (Heinrich
and Rapoport, 2005) with additional details to make the overall model contemporary, taking into
account experimental data that have been published since these models were published.

We have made a critical change from our previous approaches to dynamical modeling in
developing this model. We had typically used a bottom up approach where individual reactions
are assembled into modules that have emergent behaviors (Azeloglu et a., 2014; Bhalla and
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lyengar, 1999). In contrast the approach we use here can be called top down as we made a
starting postulate that the two types of SCPs involved in neurite outgrowth need to be in balance
to produce a steady velocity of neurite outgrowth. The two types of SCPs are, 1) the membrane
vesicle production/movement/fusion and expansion of the growth cone related processes and 2)
the microtubule growth and elongation related processes. We start with experimental
observations of the velocity of neurite outgrowth and used numerical smulations and
comparison to experimental results to determine the loci that could be used to control the balance
between the two types of SCPs such that we could obtain experimentaly observed growth
velocities. Our models show that multiple loci within each type of SCPs are involved in
obtaining balance between the two types of SCPs We used analytical solutions to map these
loci through parameter variation exercises to understand how different groups of SCPs are
balanced within each type and between types to mount a whole cell response.
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Results
MODEL

The computational model we describe here consists of two parts representing the two types of
SCPs involved. The first part consists of membrane vesicle production/budding/transport and
fusion and the second part consists of microtubule assembly/growth/stabilization.

Membrane Vesicle Related SCPs

Our vesicle modd for membrane delivery to the growing neurite tip is based on a dynamical
model of bidirectional membrane and membrane protein transport between the endoplasmic
reticulum and the cis-Golgi (Heinrich and Rapoport, 2005). In our modd the two organelles are
the Trans-Golgi-Network (TGN) and the Growth Cone (GC) of the neurite (Figure 1A). Newly
synthesized membrane is synthesized in the cell body (Gracias et al., 2014; Wang et al., 2011),
added to the TGN (Reaction 1 in Table 1 and Figure 1A) and transported via vesicular transport
to the neurite tip to enable neurite shaft growth after fusion with the growth cone (Nakazawa et
a., 2012; Pfenninger, 2009; Wang et al., 2011). Between the TGN and GC are 3 different
cytoplasmic compartments. the cell body (CB) cytoplasm, the Microtubule Transport
Compartment (MTC) that extends over the whole neurite shaft and the growth cone (GC)
cytoplasm. All three compartments contain microtubule bundles alowing microtubule based
vesicle transport from one compartment into the other. Anterograde vesicles bud from the TGN
into the CB cytoplasm, move through the MTC into the GC cytoplasm and fuse with the GC
membrane. Retrograde vesicles are endocytosed from the growth cone membrane and move
through the three cytoplasmic compartments in the opposite direction to finally fuse with the
TGN.

Budding at either the TGN or GC is mediated by site-specific budding machineries (McNiven
and Thompson, 2006). Endocytosis, for example, is mediated by specialized mechanisms such as
clathrin- or caveolin-mediated endocytosis (Godlee and Kaksonen, 2013; Lajoie and Nabi, 2007;
Mettlen and Danuser, 2014), while different mechanisms are involved in the budding of vesicles
from the TGN (Kienzle and von Blume, 2014; Kim, 2016). Such site-specificity is achieved in
the Heinrich and Rappaport model by two different coat proteins, coat B and coat A, that are
recruited to the membrane of the donor-organelle by two different recruitment factors,
recruitment factor 1 and recruitment factor 2 (Reaction 2 in Table 1 and Figure 1). Recruitment
factor 1 recruits coat protein B to the membrane of the organelle to initiate the budding process,
recruitment factor 2 recruits coat protein A. Site-specificity of the recruitment process is
achieved by an accumulation of recruitment factor 1 at the TGN and recruitment factor 2 at the
GC. We additionally introduce site-specificity of the coat proteins by assuming that coat protein
B mainly resides in the CB cytoplasm, while coat protein A in the GC cytoplasm. This
assumption isimplemented by site-specific budding rates (Reaction 2 in Table 1).
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During the budding process the coat proteins incorporate membrane proteins from the donor
organelle into the budding vesicles (Brodsky, 2012; Kienzle and von Blume, 2014; McNiven and
Thompson, 2006; Sochacki et al., 2017), a step needed for completion of the budding process
(Ehrlich et al., 2004). The coat proteins have different affinities towards the membrane proteins
(reactions 3-5 in Table 1). Following the model of Heinrich and Rapaport we postulate that coat
protein B has a high affinity for those membrane proteins that are involved in anterograde vesicle
movements, e.g. in anterograde vesicle movement along the microtubules or vesicle fusion with
the growth cone, while coat protein A has a high affinity for those membrane proteins that are
involved in retrograde vesicle movement (Table 2). This ensures the budding of vesicles with the
right set of membrane proteins, but also causes an accumulation of membrane proteins involved
in anterograde transport at the GC and of membrane proteins involved in retrograde transport at
the TGN. To ensure availability of the membrane proteins for the next set of budding vesicles,
they need to be back transported. Thus, coat protein A also binds membrane proteins that are
involved in anterograde transport and coat protein B membrane proteins that are involved in
retrograde transport, though with alower affinity (Table 2).

In contrast to the original Henrich and Rappaport model we do not allow back fusion of newly
budded vesicles to the TGN or GC, but assume that they immediately move towards the GC or
CB. Regulatory mechanisms that prevent the back fusion have been identified for ER budded
vesicles (Lord et al., 2011). Endocytosed vesicles are transported via an actin comet tail into the
cell interior (Collins et al., 2011), a mechanism that should significantly lower the chance of
back fusion of these vesicles to the plasma membrane. Simultaneously, a mechanism that
mediates loading of TGN-derived vesicles onto the microtubules during budding has been
described in neurons (Burgo et al., 2012), that should alow the immediate forward transport of
these vesicles and remove them from the TGN.

Vesicles are transported along microtubules via active motor proteins that they bind with their
membrane motor protein receptors (Reactions 6-7 in Table 1A and Figure 1A). Anterograde
vesicles movement along the microtubules is mediated via kinesin that is bound to kinesin
receptors, retrograde vesicle movement via dynein that is bound to dynein receptors. We assume
that motor protein receptors on vesicles are always occupied by motor proteins and that only
vesicles that are bound to the microtubules via a motor protein are actively transported into the
desired direction. The dissociation constants of motor proteins to the microtubule differ in the
different compartments, implemented into our model via pre-defined fractions of bound dynein
and kinesin (Table 1C). The CB cytoplasm has a very high fraction of bound kinesin molecules,
resembling the observation that anterograde vesicles are loaded onto the microtubule in a
Microtubule-Actin Crosslinking Factor 1 (MACFL) dependent process right after budding to
assure immediate anterograde vesicle movement (Burgo et al., 2012). Kinesin competes with the
microtubule associated protein tau for microtubule binding spots (Dixit et al., 2008; Ebneth et al.,
1998; Hagiwara et al., 1994; LaPointe et al., 2009; Seitz et al., 2002; Vershinin et al., 2007).
Multiple studies report an increasing gradient of tau from the neurite base to the GC (Black et al.,
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1996; Kempf et al., 1996; Mandell and Banker, 1996). We included this gradient of tau protein
mediated kinesin binding inhibition into our model by decreasing the fraction of MT-bound
kinesin molecules from the CB cytoplasm to the MTC and further in the GC cytoplasm (Table
4). Such an increase is aso in agreement with the observation that only a few vesicles (~9%) in
axons are moving forward, while the majority of vesicles only shows random diffusion based
movements (Ahmed and Saif, 2014), implicating that the MTC compartment functions as a
vesicle reservoir for membrane recruitment on demand. Concordantly, neurites continue growing
for about 6h after disruption of the TGN, the source of newly generated membrane (Prager-
Khoutorsky and Spira, 2009). No kinesin molecules are bound to the MT in the GC cytoplasm,
so that all vesicles dissociate from the MT and are available for fusion with the GC membrane.
The binding of dynein to the microtubules is not significantly affected by tau (Dixit et al., 2008),
allowing a high fraction of MT-bound dynein in the GC cytoplasm. In contrast to kinesin, the
fraction of MT-bound dynein is also high in the MTC, assuming that there is no reservoir for
backward moving vesicles and that these vesicles are transported back to the TGN without any
hesitation as it was observed for components of the degradative pathways such as
autophagosomes (Fu et al., 2014; Maday et a., 2012). In the CB cytoplasm no dynein molecules
are bound to the MT, allowing the fusion of retrograde vesicles with the TGN. To simulate active
motor protein mediated vesicle transport along the microtubule we assume that once avesicle is
attached to the microtubule with at least one motor protein, it is actively transported along the
microtubule with a constant velocity that does not increase with further attached motor proteins,
as also proposed by others (Vershinin et a., 2007). We calculated the fraction of bound vesicles
based on the fraction of bound motor proteins (reactions 6a/b and 7a/b in Table 1) and based on
this the rate of vesicle movement along the microtubule into the next compartment along the
microtubule track, e.g. the MTC or GC cytoplasm (Reactions 6¢ and 7c in Table 1).The rate of
vesicle movement calculated under the steady-state assumption that al microtubule bound
vesicles of one set in one compartment are uniformly distributed along the microtubules (i.e. the
distance between traveling vesicles is always the same). Thus, we can estimate the frequency of
vesicle arrival at the end of the compartment by reversing the traveling time, allowing the
calculation of membrane flux from each compartment into its destination compartment.

We postulate that although anterograde and retrograde vesicles both contain kinesin receptors
only kinesin receptors on anterograde vesicles, but not on retrograde vesicles, and are bound to
active kinesin. The same assumption is made for dynein receptors, but in the opposite way. Only
dynein receptors on retrograde vesicles, but not on anterograde vesicles are bound to active
dynein. This constraint and simplification accounts for back transport of the appropriate receptor
to the appropriate organelle, i.e. kinesin receptor to the TGN and dynein receptor to the GC
membrane and is based on multiple lines of experimental data. These experiments show that
backward moving vesicles contain kinesin as a passive passenger (Fu et al., 2014; Maday et al.,
2012; Prevo et al., 2015) and kinesin stimulates retrograde dynein mediated transport of prion
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protein vesicles (Encalada et al., 2011). Dynein is transported to the growth cone via direct
interaction with kinesin (Twelvetrees et al., 2016) and is highly concentrated at the GC. Such a
dynein gradient suggests that only dynein receptors at the GC, but not at the CB bind dynein.

Vesicle fusion with GC membrane is mediated via SNARE complex formation between Y- and
V- or X- and U-SNAREs on the vesicle and their counterpart on the membrane of the target
organelle as implemented in the origina model (Heinrich and Rapoport, 2005) (reaction 8 in
Table 1 and Figure 1A). SNARE-complex formation is catalyzed by tethering complexes that
consist of cytoplasmic and/or peripheral membrane proteins (Dubuke and Munson, 2016; Hong
and Lev, 2014). The fusion rate constant in the original model can be interpreted as a tethering
rate constant. Our model extends the original model by the introduction of vesicle(v)- and
target(t)-SNAREs (Jahn and Scheller, 2006) as well as a site and SNARE-specific tethering
machinery (Dubuke and Munson, 2016; Hong and Lev, 2014). We define that SNAREs V- and
U are v-SNAREs and SNAREs Y- and X t-SNAREs. By lowering the affinity of the t-SNAREs
for the coat protein that mediates the budding of the vesicles that would bring the SNARES back
to the donor organelle, we ensure that mainly v-SNARES are back transported, while t-SNAREs
stay at the target organelle (Table 1). Consequently, budding vesicles mainly contain v-SNARES
that form complexes with their t-SNARE counterpart at the target membrane. Specificity of the
tethering machinery at different locations is achieved by specifying different tethering rates for
the two complementary sets of SNAREs, X and U SNARE complexes form with a higher
tethering rate constant at the TGN, while Y and V SNARE complexes form with a higher
tethering rate constant at the growth cone. The assumed reaction rates for the interactions
between the coat proteins and other proteinsinvolved in transport are given in Table 2

Based on their trafficking behavior, membrane proteins involved in neurite growth can be
classified as stationary and cycling membrane proteins. Stationary proteins, i.e. recruitment
factors and t-SNAREsS, reside either at the TGN or GC, while cycling proteins, i.e. v-SNAREs
and motor protein receptors, are continuously transported back and forth between the TGN and
the GC. These different movement capabilities are presented in our model by different affinities
of the membrane proteins for the coat proteins (Table 1). The affinity of stationary proteins
towards the coat proteins involved in back transport is lower than the affinity of cycling proteins,
ensuring that only cycling proteins are back transported to the donor organelle.

It should be noted that our model like the original model does not track individual vesicles, but
assumes that all vesicles of one type (i.e. those vesicles that bud from the same donor membrane
with the same coat protein) form a combined unit in the cytoplasmic compartments between the
organelles. Biologically, this is based on the assumption that there is rapid and un-limited
diffusion of all vesicle proteins between all vesicles of the same type. Once a vesicle buds from
the TGN or GC, the concentration of all its membrane proteins immediately equilibrates with the
concentration of the protein components of all other vesicles of the same set in the same
cytoplasmic compartment. We think that this assumption is reasonable, since overall there should
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be no differences between the protein content of newly budded vesicles and previously budded
vesicles.

Microtubule growth related SCPs

Microtubule (MT) dynamics are modeled as a one compartment model (Figure 1B, Table 3).
Microtubules within neurites consist of dynamic and stable microtubules (Brady et al., 1984,
Kollins et a., 2009; Song et al., 2013; Witte et al., 2008). Dynamic MTs are characterized by
periods of MT growth and catastrophic breakdown (Suppl. Fig 2a), the latter can either lead to
MT disappearance or be rescued, followed by a new growth period. The time frame of these
periods isin seconds or minutes. Stable MTs do not show such periodic growth behavior and are
assumed to have a constant length. Dynamic MTs are continuously generated at a specified
nucleation rate (Reaction 9 in Table3, Suppl. Fig. 2F). The length of dynamic M Ts (Reaction 10,
Table 3) as well as the rate of MT catastrophic breakdowns depends on the effective tubulin
concentration (Reaction 11 Table 3), i.e. the concentration of free tubulin that is available for
polymerization and not sequestered by any other proteins (Curmi et al., 1997; Jourdain et al.,
1997; Manna et al., 2009) (Suppl. Figure 2A-D). To characterize these relationships, we ran an
initial set of simulations of the growth dynamics of a single dynamic MT using a published
model (Margolin et a., 2012). Since we simulate NOG over hours and days, while dynamic MT
growth behavior changes in seconds and minutes, we do not simulate individual dynamic MTs,
but the whole population of dynamic MTs. To simulate the behavior of the whole dynamic MT
population, we developed two formulas based on the results of the Margolin model. One formula
describes the dependence of the average growth length of dynamic MTs on the effective tubulin
concentration (Reaction 10 in Table 3, Suppl. Figure 2D), the other the dependence of the
catastrophic breakdown rate that leads to complete disappearance of the dynamic MT on the
effective tubulin concentration (Reaction 11 in Table 3, Suppl. Figure 2E). The count of dynamic
MTs depends on the nucleation rate, the degradation rate due to catastrophic breakdown and the
conversion rate into stable MTs (Reaction 12 in Table 3, Suppl. Figure 2F). We do not track the
number of stable MTs, but the combined length of all stable MTs. The increase in length during
conversion is calculated by the product of the average length of the dynamic MTs and the
number of converted dynamic MTs (Reaction 13 in Table 3). The combined length of the
dynamic MTs is the product of the number of dynamic MTs and the average length of the
dynamic MTs (Reaction 14 in Table 3). To calculate the length of the microtubule scaffold
within the neurite, the sum of the combined lengths of the dynamic and stable MTs is divided by
the number of MTs per neurite cross-section (Reaction 15 in Table 3). An axon contains about
10 - 100 MTs per cross-section (Fadic et al., 1985). Since we simulate initial NOG we selected
20 MTs as the number of MTs per neurite cross-section in our model.

Growth of Neurite shaft

Vesicles that fuse with the GC deliver their membrane to the GC increasing the GC surface area.
In our model we set the surface area of the GC of the growing neurite to 50 um?(Kunda et al.,
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2001; Ren and Suter, 2016). Any membrane surface area that is added to the GC and would
increase its size over 50 um? is added to the neurite shaft. Membrane proteins are not added to
the neurite shaft, since our model is based on the assumption that the diffusion of the membrane
proteins into the neurite shaft is prevented by intra-membranous diffusion barriers or the
interaction with cortical cytoskeleton proteins, such as PDZ-domain containing scaffold proteins
(Ye and Zhang, 2013) that ensure a highly specialized growth cone membrane. The neurite shaft
is modeled as a cylinder, allowing an easy calculation of the length of the neurite shaft based on
its membrane surface area (Reaction 16 in Table 3). Since the MTC lies within the neurite shaft,
its length is defined by the length of the neurite shaft, i.e. the length of the MTC continuously
increases with the growing neurite

EXPERIMENT

Neurite outgrowth occursat varying velocities

In primary cultures, neurons put out neurites at varying rates. To quantify the variability and
determine the velocities with which the neurites grow we used a high content imaging system
(IN Céell Analyzer) to track neurite outgrowth in primary rat cortical neurons. The experimentally
observed velocities of neurite outgrowth could be used as top-down constraint for our model. We
incubated rat cortical neurons for 16h and then documented neurite outgrowth every 6h. for
additional 48h. The neurons with shortest and longest neurite were identified and their length
guantified. Representative images at selected time points are shown in Figure 2A and 2B and a
complete set of images is shown in Supplementary Figure 1. The neurons with shortest and
longest neurite were identified and their length quantified. At each time point the neurites
significantly differed in their lengths (Sup. Figure 1B). We used all the neuronsin afield such as
that shown in Sup Fig 1B and identified the length of selected quantiles and calculated the
growth velocity for these quantiles. Median values are plotted in Figure 2C. The neurite growth
velocities ranged from O to ~20 pm/h. We used these velocities as top-down whole cell response
constraint in modeling the activities of the two different types of SCPs. Increases in the whole
cell response, i.e. neurite outgrowth velocity depends on the coordinated increase of membrane
production and delivery of membrane vesicles to the growth cone as well as microtubule growth.
Both types of SCPs need to grow with the same velocity, since they are interdependent. Vesicles
transport is microtubule dependent and microtubule growth is limited by the length of the neurite
shaft. Similarly, the increase in membrane production needs to be coordinated with an increased
vesicular transport. More vesicles would need to bud from the TGN, to be actively transported
through the MTC and to fuse with the GC. These interdependencies form the basis for our top
down constraint.

Postulates gover ning SCP dynamics

Within the overall constraint that the velocities of the two types of SCPs need to be balanced we
used experimental data from the literature for additional congraints as the level of SCPs. These
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constraints arise from a set of postulates of permissible SCP functions that are described in
Supplementary Table 1. We postulate that about ~10% of the anterograde vesicles in the MTC
are bound to the MTC and actively moving along the microtubule (Ahmed and Saif, 2014). The
other 90% constitute a membrane pool that could be recruited on demand to adapt to short term
increases in outgrowth velocity. Similarly, we assume that the vesicles that reside in the growth
cone (Erturk et al., 2007) are the first membrane reservoir for the quick recruitment of additional
membrane and also define - in the same way - that 10% of the anterograde vesicles in the growth
cone cytoplasm move, i.e. fuse with the growth cone membrane. This assumption is based on the
experimental observation that GC membrane precursor vesicles reside in the GC cytoplasm
before fusion with the membrane with a half-life of >/= 14min (Pfenninger et al., 2003), which
would suggest that around 5% of the vesicles fuse with the membrane. Smilarly, we assume that
90% of the retrograde vesicles in the MTC and the cell body cytoplasm are moving. The total
growth cone membrane is completely internalized within 30 - 60 min (Diefenbach et al., 1999)
which be based on a endocytosis rate between 0.833 pm%min and 1.66 pm%min for a growth
cone with a surface area of 50 pm? (Kunda et al., 2001; Ren and Suter, 2016). Based on these
observations and the assumption that some of the endocytosed vesicles might be part of
transcytotic re-arrangements during growth cone steering (Tojima and Kamiguchi, 2015) or are
transported to other growth cones and not to the cell body (Denburg et al., 2005), we set the rate
of membrane back transport from the growth cone to the TGN to 0.5 um?/min. The back
transported membrane can also be called cycling membrane, since it continuously cycles
between the TGN and the growth cone without being added to the neurite shaft. For the
microtubules we postulate that dynamic MTs should fill up 20 um of the growing neurite. Thisis
the length of the minor processes (Yu and Baas, 1994) that are characterized by continuous
retraction and extension periods (Arimura and Kaibuchi, 2007). We assume that such periods are
committed by continuous MT growth and retraction, so that the MT scaffold in these processes
should mainly consist of dynamic MTs.

Using these congtraints we ran simulations to identify an initial solution at one intermediate rate
of neurite outgrowth or relationships between the coordinated activities of the different SCPS
within each type of SCP and between SCPs. From these initial simulations we developed an
overall analytical approach that allows us to predict the relationships that allow neurite
outgrowth at a specified velocity.

SIMULATIONS AND ANALYTICAL ANALYSES

We identified a set of parameters that generated neurite outgrowth with a velocity of 5 pm/h
(Figure 3, Suppl. Figure 3). Under steady state (Figure 3A), neurite surface area continuously
increased with a rate of 0.2618 pm?min, (Figure 3B) in agreement with the amount of
membrane that is needed to increase the length of the neurite ( Figure3B) for the growing
neurite. The vesiclesin the MTC increased in parallel with a rate of ~0.22 vesicles/min assuming
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amembrane area of 0.05 pm? per vesicle (Figure 3C).The length of the microtubule bundles also
increases proportionally to maintain the shaft growth rate (Figure 3D). For this we selected an
effective tubulin concentration of 9 uM to achieve a length increase of the microtubule bundles
with a velocity of 5um/h. In considering the values of the ordinate for the different SCPs in
Figure 3 it became clear that there are multiple combinations of kinetic parameters and amounts
of components that allow neurite outgrowth at the same velocity without violating the constraints
we imposed on dynamics of the SCPs.

To enable a systematic analysis of the redundancies within and between SCPs, we generated an
analytical solution (Figure 4A) that predicts sets of parameter and protein amounts in the
different compartments that enable neurite outgrowth at a fixed velocity of choice without
violating congtraints on SCP dynamics (Suppl. Table 1). In our solution, we consider that an
increase in neurite outgrowth depends on varying sets of protein amounts and kinetic parameters
that allow increased anterograde net transport of membrane vesicles and continuous synthesis of
new proteins and membrane to compensate for the 'consumption’ within the growing MTC. In
addition to the postulated constraints on SCP dynamics we pre-define independent protein
amounts and kinetic parameters (Fig 4A, right side) to calculate the dependent protein amounts
and kinetic parameters.

The development of the analytical solution starts with the consideration of the final destination of
the trafficking membrane (Figure 4B). Membrane that is incorporated into vesicles that bud from
the TGN can be separated into 4 different membrane types. These membrane types should not be
confused with the four different vesicle sets in our model that distinguish the vesicles based on
the organelle they budded from and the coat protein they budded with (Figure 1A). Membrane of
the first type will be added to the growing MTC as part of the MTC reservoir for anterograde
moving vesicles. Membrane of the second type will be added to the GC and from there to the
growing neurite shaft. Membrane of the third and fourth types will also be added to the GC, but
the fused membrane will be incorporated into endocytic retrograde vesicles. Similarly to the first
membrane set, the third set will be added to the growing MTC, though this set is much smaller
due to an assumed nine-fold lower amount of stationary retrograde vesicles in the MTC. The
fourth membrane set will be back transported to the TGN, i.e. this set constitutes the cycling
membrane between the TGN and the GC. For simplification, we assume in our solution that
membranes transported in an anterograde manner is only transported as vesicles that bud from
the TGN with coat protein B and retrogradely transported membranes are vesicles that bud from
the GC with coat protein A.

The specification of an NOG velocity, the amount of cycling membrane and the percentages of
stationary anterograde and retrograde vesicles in the MTC allows the calculation of the fluxes of
the 4 different membrane types. Based on these, the membrane production rate at the TGN as
well as the budding rates at the TGN and GC can be calculated. The membrane production rate at
the TGN is the sum of the fluxes of the first three membrane types, i.e. al membrane types that
are not back transported to the TGN. The budding rate at the TGN (or initial forward transport
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rate) isthe sum of all 4 fluxes and the endocytosis rate (or initial backward transport rate) is the
sum of the fluxes of the third and fourth types. The fluxes also allowed us to calculate the initial
membrane surface areas in the cytoplasmic compartments. Similarly to the fraction of
anterograde vesicles that are bound to the microtubule and therefore moving in the MTC, we
define the fractions of moving anterograde vesicles in the GC cytoplasm (i.e. vesicles that fuse
with the GC membrane) and moving retrograde vesicles in the CB cytoplasm (i.e. vesicles that
fuse with the TGN) (Table 4). The anticipated membrane fusion rate at the growth cone (or final
forward transport rate) is equal to the sum of the fluxes of the second, third and fourth membrane
types, the anticipated membrane fusion rate at the TGN (or final backward transport rate) is
equal to the flux of the fourth membrane type. This allows the calculation of the amount of v-
SNARES that are associated with each set of vesicles in both cytoplasmic compartments. We are
looking for that amount of v-SNAREs V in the GC cytoplasm or U in the CB cytoplasm that
allows that the fractions of fusing vesicles equal the anticipated fractions and that the total
membrane fluxes equal the final forward and final backward membrane fluxes under a pre-
defined amount of t-SNARES Y at the TGN and X at the GC and pre-defined tethering rates.

Vesicles that fuse with the TGN or the GC transmit their SNARES to the target organelle.
Consequently, the vesicles that enter the CB cytoplasm or GC cytoplasm from the MTC should
contain the same amount of SNAREs to keep the number of SNARE molecules in the
cytoplasmic compartments constant. Additionally, v-SNARESs need to be back transported to the
GC or the TGN to be available for the next set of budding vesicles. The fluxes for each v-
SNARE can be associated to 4 different typesin a similar manner as the membrane fluxes. Initial
and final forward and backward fluxes can be calculated accordingly. SNARES are recruited into
the budding vesicles in a competitive manner, i.e. all 4 SNARES compete with each other for the
SNARE binding spots of the budding vesicles. The amounts of t-SNAREs Y and X at the GC
and the TGN are predefined. Considering this we calculated the amount of v-SNAREs V and U
at the TGN and GC that allow the calculated initial forward and backward v-SNARE fluxes.

We calculated the amount of motor protein receptors that are associated with anterograde and
retrograde vesiclesin the MTC that is necessary to allow the anticipated fraction of microtubule
bound (i.e. moving) vesicles. This enabled the calculation of the motor protein receptors in the
other cytoplasmic compartments and the amount of motor protein receptors at the TGN and GC
inasimilar manner aswe did it for the v-SNARES.

Finally, we calculated the fluxes for the stationary proteins, i.e. t-SNAREs X and Y and the
recruitment factors 1 and 2 as well as the initial protein amounts in the different cytoplasmic
compartments.

For the calculation of initial amounts of all membrane proteins in the different cytoplasmic
compartments, we first calculated the concentration of all membrane proteins in anterograde and
retrograde moving vesicles. The initial amounts were obtained by multiplication of the initial
membrane amountsin the different compartments and the protein concentrations.


https://doi.org/10.1101/153569

bioRxiv preprint doi: https://doi.org/10.1101/153569; this version posted June 23, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

The 'consumption’ of membrane proteins that are associated with the vesicles that are added to
the MTC reservoir demands the continuous production of membrane proteins at the TGN. The
protein production rates can be calculated by considering the concentration of each protein at
anterograde and retrograde moving vesicles and the amount of membrane that will be added to
the MTC reservoir.

For the calculation of the rates that determine MT growth with a fixed velocity of choice we
specified the effective tubulin concentration (that determines the length of the dynamic MTs and
the degradation rate of dynamic MTs) and the length of the dynamic M Ts. Based on these values
the nucleation rate for dynamic MTs and the conversion rate of dynamic into stable MTs were
calculated.

The analytical solution was validated by comparing the analytically predicted outcome with the
results of the numerical simulation for example sets of parameter and protein amounts (Figs. 4C
and D, suppl. figure 4). We used the predicted parameter and protein amount sets as starting
points in our model and run the numerical simulation for 5000 minutes (~3.5 days). Every 1000
min we compared the anticipated model constraints with the numerically obtained values to
estimate the accuracy of our analytical prediction. The analytical solution matched the
anticipated mode constraints with high accuracy, except the fusion rate for retrograde vesicles
with the TGN that for was too high for the velocities 0 and 2.5 um/h.

We also investigated the impact of un-coordinated SCP activities on steady NOG at a fixed
velocity by mixing up the predicted parameters and initial protein amounts that were obtained
for two analytical solutions based on two different NOG velocities. We used the initial protein
amounts, parameters and membrane production rates that were obtained based on a NOG
velocity of 10 um/h, while protein production rates were predicted based on a NOG velocity of 5
pm/h. This example simulates the mismatch between protein production for different SCPs and
membrane generation and delivery to the growth cone. Although initially the neurite growth
occurred with the anticipated velocity of 10 um/h, the lack of replacement of proteins that are
used in the growing MTC significantly decreased the outgrowth velocity to 5 pm/h, while
overloading the MTC, the cell body and growth cone cytoplasm with Stationary vesicles, as
shown by the decreasing level of moving vesicles in the different compartments (Figure 5).

I nter play between cycling and stationary components for membrane delivery

We used the analytical solution to investigate the relationship between the different components
of our dynamical model. As described, some components, such as v-SNAREs and motor protein
receptors fulfill their function within the vesicle movement SCP. These proteins cycle between
the TGN and the GC membrane, because they need to be brought back to the donor organelle to
be available for new budding vesicles. Other components, such as the cytoplasmic tethering
machinery or t-SNARES reside at their local destination. We were particularly interested in the
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relation between the stationary and cycling components that are associated with anterograde
moving vesicle, i.e. v-SNAREs V and tethering in the growth cone and kinesin receptor and
kinesin dissociation constant at the microtubule.

We generated multiple tethering rates and identified the total amount of vesicle(v)-SNARE V
that results in the forward fusion of a sufficient amount of vesicles allowing neurite outgrowth
with the anticipated velocity without violation of the target outputs (under the assumption of a
tethering rate for SNAREs X and U at the TGN of 8x10° /molecule). We did not change the t-
SNARE Y amount, since its influence on SNARE-complex formation should be similar to the
influence of the tethering machinery. Our algorithm identified a hyperbolic relationship between
the tethering rate and the amount of v-SNARES that increases to higher values with faster
velocities (Figure 6A). Our results indicate that at high tethering rates (e.g. 4x10°%/molecule), the
switch between different velocities is facilitated by only small changes in the v-SNAREs, while
a high v-SNARE amounts (e.g. 2x10* molecules) the switch between different velocities is
facilitated by only small changes in the tethering rates. The synthesis rate of the v-SNARE V that
IS necessary to compensate for the consumption of SNARE V by the growing MTC increases
with decreasing tethering rates (Figure 6B) because of the higher base line level for the SNARE
V at the start of neurite outgrowth. On the other hand, our simulations reveal that an increase in
growth velocity is associated with an over proportional increase in the synthesis rate of SNARE
V. The higher the rate of membrane delivery to the growth cone tip, the more vesicles need to be
transported along the MTC, increasing the density of vesicles at the MTC. Since only 10% of all
vesicles are moving along the microtubule, an increased density is directly transferred to an
increase in vesicles in the MTC reservoir, explaining the over proportional increase of the
production rates for SNARE V. Such an over proportional increase in production rates might
come along with high energy consumption by the gene expression machinery, so that at higher
velocities the neuron might reduce the size of the membrane reservoir in its MTC to keep
outgrowth costs within reasonable ranges.

An analysis of the other protein amounts at start of neurite outgrowth showed small variations or
no changes in the protein amounts as a function of the tethering rate at the growth cone
membrane (Suppl. Figure 5). An increase in outgrowth velocity was associated with an increase
ininitial protein amounts of the motor protein receptors, did not change the initial amounts of the
stationary t-SNARES and recruitment factors and decreased the initial amount of the v-SNARE
U that mediates vesicle fusion at the TGN. The decrease of the initial amount of the v-SNARE U
can be explained by the increased number of anterograde moving vesicles, that provide more
binding spots for SNARE U. Since under a constant cycling rate the number of retrograde
moving vesicles stays constant with increasing outgrowth velocity, the amount of SNARE U that
needs to brought back to the growth cone to be available for endocytosed vesicles is independent
of the outgrowth velocity. However, increasing anterograde moving vesicles decrease the
amount of SNARE U per anterograde vesicle, lowering the SNARE U concentration at the TGN
that is needed to load anterograde vesicles with the needed amount of SNARE U.
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In contrast to the synthesis rate of the v-SNARE V all other production rates are independent of
the tethering rate in the growth cone (suppl. Figure 5). The production rate for all cycling
proteins increase with an increase in outgrowth velocity, while there ailmost no for additional
synthesis of stationary proteins. Interestingly, the increase in proteins that function in retrograde
vesicle transport (e.g. dynein receptors and v-SNARE U) linearly increase with increasing
outgrowth velocity in contrast to the nonlinear increase of the proteins that function in
anterograde vesicle transport.

Next, we investigated the relationship between the stationary kinesin dissociation constant and
the amount of the cycling molecule kinesin (Figure 6C). We identified a similar hyperbolic
relationship that was identified for the tethering rate and the v-SNARE V, giving rise to the same
conclusions about the robustness of the system towards fluctuations. The needed synthesis rate
for kinesin increased over proportionally with the outgrowth velocity and depended on the
kinesin dissociation constant, as it was documented for the v-SNARE V and the tethering rate
(Figure 6D). One might consider that in contrast to the tethering rate, the fraction of MT-bound
kinesin refers to components aong the whole MTC, while the tethering rate describes
components that are locally restricted to the growth cone.

Microtubule growth isregulated via effective tubulin and the nucleation rate

Microtubule growth velocity is determined by the nucleation rate for new dynamic MTs, the
length of the dynamic M Ts and the degradation of dynamic microtubules that both depend on the
effective tubulin concentration and the conversion rate of dynamic MTs into stable MTs. At
steady state, the nucleation of new dynamic microtubulesis equal to the degradation of dynamic
MTs and the conversion of dynamic into stable MTs. The more MTs nucleate, the more MTs
will be converted into stable MTs, increasing the growth velocity of the microtubule scaffold.
Similarly, the higher the effective tubulin, the lower the degradation rate and the longer the
dynamic MTs as well as the converted dynamic MTs (Fig. 7A), also increasing the growth
velocity of the microtubule scaffold. We documented the relation between the effective tubulin
concentration and the nucleation rate that allow neurite outgrowth with a certain velocity and
identified a hyperbolic relationship between both entities (Fig 7B). The lower the nucleation rate,
the more effective tubulin is needed to maintain a certain outgrowth velocity, but the less
additional effective tubulin is needed to increase the outgrowth velocity. Multiple mechanisms
regulate the sequestration of tubulin (Arimura and Kaibuchi, 2007) and thereby its availability for
polymerization. Sequestered tubulin might function as a smilar reservoir for increased
outgrowth on demand as we proposed for the vesicles in the MTC. By releasing sequestered
tubulin on demand, the neuron might be able to increase its outgrowth velocity without the need
for additional synthesis of tubulin or the components of tubulin nucleation centers. The available
nucleation rate determines the sensitivity of microtubule scaffold growth towards changes in the
effective tubulin concentration and has an impact on the distinction between noisy fluctuationsin
the effective tubulin concentration and wanted regulations. Since the average length of the
dynamic microtubules increases exponentially with the effective tubulin concentration (Fig 6A),
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our model suggests that the sensitivity of the microtubule scaffold towards effective tubulin also
increases with the effective tubulin concentration itself.

Discussion

Neurite outgrowth depends on the coordinated activities of various sub-cellular processes. Of the
different SCPs involved, the types of SCPs are critical. They are the SCPs that regulate vesicle
traffic and microtubule dynamics. We devel oped a dynamical model that incorporates both types
of SCPs and have documented that the activity of the SCPs involved need to be highly
coordinated to alow neurite outgrowth at a certain velocity. To make the model more
manageable our smulations were done under the assumption that (1) the size of the TGN (50
um?) is independent of the outgrowth velocity (2) that the rate of back transported membrane
from the growth cone to the TGN is 0.5 pm%min, (3) that 90 % of the anterograde vesicles in the
MTC and the growth cone cytoplasm serve as membrane reservoir (i.e. these vesicles are not
moving) and (4) that 20 um of the neurite microtubule scaffold consists of dynamic MTs and the
rest of stable MTs. All of these assumptions are based on experimental data and allow us to
identify the key features of the balance between SCP types required for a dynamic whole cell
response. We could show that the activity of certain SCPs depends on each other, i.e. to achieve
the same reservoir size and outgrowth velocity, an increase in the activity of one SCP is
associated with a decrease in the activity of the other SCP. This accounts for the activity of the
tethering machinery and the components of the SNARE complexes as well as for the kinesin
binding to the microtubules and the amount of kinesin loaded on vesicle bound kinesin receptors.
Our simulations propose that in both cases the cell can select between cell states that allow an
increase in growth velocity by only small changes of one of the complementary SCPs or cell
states that demand a similar increase in both of the complementary SCPs. The actual cell state
might depend on multiple factors, among which are the amount of energy that needs to be
invested into neurite outgrowth at a certain velocity, as well as the robustness of the system
towards random fluctuations.

Since the size of the MTC grows with the growing neurite, the size of the reservoir within it also
grows. Therefore the maintenance of steady state conditions demands the continuous production
of additional proteins and membrane (as membrane vesicles). We find that that the need for
additional protein synthesis increases over-proportionally with increasing outgrowth velocity for
those proteins that regulate anterograde vesicular transport (in particular v-SNARE V and the
kinesin receptor). Such an increase might be associated with significant costs in form of energy
consumption by the transcriptional and translational machinery. Our simulations suggest that the
cell might reduce the size of the membrane reservoir with increasing outgrowth velocity and so it
has a built in ability to further increase the outgrowth velocity for a short time period upon
demand.
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Microtubule growth depends on the nucleation rate and the effective tubulin concentration, i.e.
free tubulin that is available for polymerization and not sequestered by cytoplasmic proteins.
Such sequestration could serve as a tubulin reservoir, similar to the proposed membrane vesicle
reservoir function of the MTC and GC cytoplasm. The nucleation rate determines the sengitivity
of the microtubule growth towards effective tubulin concentration changes. Our smulations
suggest that the sensitivity also increases with increasing effective tubulin concentrations, since
the length of the dynamic M Ts increase exponentially with the effective tubulin concentration.

Multiple mechanisms regulate tubulin sequestration by stathmin, including signaling
mechanisms that involve PTEN and GSK3p (Arimura and Kaibuchi, 2007). Interestingly, the
same signaling mechanisms could also control the activity of the tethering machinery (Lalli,
2009; Sugihara et al., 2002), suggesting the coordinated regulation of both — membrane vesicle
availability and tubulin mobilization - by the same input signals. The appearance of a neurite
guidance factor might activate these mechanisms, leading to the coordinated mobilization of
tubulin and membrane vesicle from both reservoirs, to trigger an immediate push of the neurite
into the anticipated direction.

Overal, this model provides deep new insight into how classes of subcellular processes need to
be coordinately regulated to enable a whole cell function in a manner that is experimentally
observed. Although we do not know many of the individual kinetic parameters or protein levels,
parameter variation exercises indicate that key features of systems level regulation can be
understood without precise knowledge of individual reaction rates or protein levels, although
knowing al the values will be valuable in bringing greater realism to this model and increasing
of understanding how molecule to cell level scaling mechanisms work. In spite of these
limitations this study shows that putting to together various in-depth studies of SCPs can allow
us to observe deep insight how the balance between lower level dynamic processes required for
cell level dynamic functions.
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Figure 1. Schematic description of dynamical model of vesicular transport and
microtubule growth involved in neurite outgrowth. (A) Membrane ddivery to the growth
cone is modeled by use of an extended version of a dynamical model that describes vesicular
transport between two different organelles (Heinrich and Rapoport 2006). In this model, new
synthesized membrane is added to the Trans Golgi network (TGN) from where it is transported
to the growth cone by vesicular transport. Vesicles bud from the TGN and are loaded on the
microtubule for active kinesin mediated anterograde transport towards the growth cone where the
membrane vesicles are delivered to growing neurite. The vesicles pass through three
intermediate compartments:. the cell body cytoplasm, the MTC and the growth cone cytoplasm.
In each compartment kinesin has a different affinity for microtubules and is therefore associated
with varying fractions of MT bound moving vesicles. Vesicles that are endocytosed from the
growth cone move along the microtubule in the retrograde direction through dynein mediated
active transport. Vesicle budding at the TGN or growth cone is mediated by the interaction of
recruitment factors and coat proteins at the donor compartment, vesicle fusion by the formation
of SNARE complexes between vesicle(v)-SNAREs and target(t)-SNARES that is catalyzed by
the tethering machinery. Motor proteins are bound to vesicles through motor protein
receptors.(B) The dynamic model of microtubule growth consists of two different pools of
microtubules, stable and dynamic microtubules. Dynamic microtubules alternate between
growth, catastrophic breakdown and rescue that initiates another growth period. Nucleation leads
to dynamic microtubules that are converted into stable microtubules. The length of the
microtubule in the neurite shaft is the combined length of all dynamic and stable microtubules.
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Figure 2: Neurites grow with different outgrowth velocities. Neurons were dissected from rat
cortical brain, incubated for 16h to allow initial growth, followed by image acquisition every 6h
up to 70h after plating. (A) Outgrowth of two selected neurons with short neurites over a 54h
period. (B)Outgrowth of two selected neurons with long neurites over a 54h period. (C) For each
neuron the length of the longest neurite was quantified at the indicated time points and the
digtribution of all lengths was evaluated. We selected the length of that neurite that matches the

indicated quantiles at each timepoint. Linear interpolation of the lengths for each quantile
documented outgrowth velocities varying from 0 to ~20 unvh.
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Figure 3: Simulation of vesicular transport and microtubule growth during neurite
outgrowth. We identified a set of parameters and protein concentrations that allows neurite
outgrowth with a velocity of 5 pm/h. (A) Outgrowth depends on the continuous addition of
membrane to the neurite shaft (B) that allows neurite shaft length increase linearly. (C) The
vesicles in the microtubule transport compartment that fills out the interior of the neurite shaft
grows in parallel to the neurite shaft, causing an increase in both moving and stationary vesicles.
(D) The microtubule scaffold grows with the same velocity.
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Figure 4. Development of analytical solution algorithms for the identification of sets of
initial protein amounts and parameter that allow NOG at a fixed velocity of choice. For a
systematic analysis of the dynamica model we generated an algorithm that predicts sets of
parameters and protein amounts in the different compartments that enable neurite outgrowth at a
fixed velocity of choice within the constraints on SCP dynamics that result in a steady growth
velocity. (A) The algorithm calculates dependent parameters and initial  amounts (right-side)
based on specified parameters and initial amounts (right side). See main text for details. (B) The
membrane vesicle that buds from the TGN can be separated into 4 different membrane vesicle
types based on the final destination. The arrows refer to the different membrane vesicle types and
point at the final destination. Orange arrows label membrane vesicle types that are only
transported by anterograde movement, while blue arrows label membrane vesicle types that are
transported by both anterograde and retrograde movement. Green circles summarize those
membrane vesicle types that are combined to obtain initial and final forward and back transport
rates. See main text for details. (C-D)We used protein amounts and parameter that were
predicted for 5 different tethering rates of the GC membrane vesicles and 9 different NOG
velocities (see dots in fig 5A) as initial protein concentrations and parameter sets and simulated
neurite outgrowth over a time period of 5000 minutes(~3.5 days). Every 1000min we obtained
the numerical results and averaged them for each velocity (C: 2.5 um/h, D: 20 um/h). Bars
indicate steady state levels of the selected target outputs, horizontal lines the specified model
constraint for that output. Vertical lines indicate standard deviations. See supplementary figure 4
for al results and initial specified values.
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Figure 5. Un-coordinated SCP activities decrease ability for NOG and inappropriate
distribution of componentsin compartments. Initial protein amounts and parameters that were
predicted based on an anticipated NOG velocity of 5 um/h and 10 um/h and 5 different tethering
rates as described in figure 4 were combined to smulate NOG when the SCPs involved in
membrane synthesis and delivery and gene protein production are uncoordinated. Initial protein
amounts, parameters and membrane production rate were taken from the predictions based on a
rate of 10 pum/h, while protein production rates were taken from the predictions For NOG with a
velocity of 5 um/h. Numerical simulations yielded results as obtained as described in Figure 4,
Horizontal lines indicate the defined model constraints. The example demonstrates that NOG
without complications depends on the highly coordinated activities of the individual SCPs.
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Figure 6: Complementary SCPs need to be coordinated for neurite outgrowth. To analyze
the relationship between complementary SCPs we generated an analytical solution for the
prediction of steady state dynamics that enable neurite outgrowth for a specified velocity. (A)
Vesicle fusion with the growth cone membrane depends on the coordinated activity of vesicle
tethering and SNARE complex formation. Multiple combinations of parameters for vesicle
tethering at the GC membrane and SNARE complex formation allow neurite outgrowth for a
specified velocity with the requirement that 10% of the vesicles in the growth cone should fuse
with the plasma membrane. We assumed a tethering rate at the TGN of 8x10%molecule. The
relationship between vesicle tethering activity and total amount of v-SNARE V is shown for the
velocities 0, 2.5, 5, 7.5, 10, 12.5, 15, 17.5 and 20 (from blue to orange) um/h. v-SNARE amounts
refer to the amounts at the beginning of neurite outgrowth, i.e. before the MTC compartment
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increases. Dots mark those constellations that were used to compare the analytical prediction
with the numerical outcome (Fig 4C). (B) With an increase in the MTC, more v-SNARES need
to be produced to compensate for the v-SNAREs that are 'consumed’ by the MTC. The
production rates for SNARE V increases with decreasing tethering rate (from dark violet to
bright violet: 5x10°°, 4.5x10°4x10°, 3.5x10°, 3x10°, 2.5x10°) and with increasing velocity.
(C) Thefraction of bound kinesin and the amount of kinesin receptors arein asimilar hyperbolic
relationship at the beginning of neurite outgrowth. The combined activities of both components
ensure that 90% of the vesiclesin the MTC are stationary parts of the MTC membrane reservoir.
Velocities arethe same asin A. (D) A decrease in the fraction of bound kinesin due to changein
dissociation constant (from dark violet to bright violet: 1, 0.9, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3, 0.2, 0.1)
increases the needed kinesin receptor production rate. Similarly, for the production rate for
SNARE V, the needed production rates for kinesin receptors increases over proportionally with
the outgrowth velocity.
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Figure 7: Tubulin concentration dependent average dynamic MT length and nucleation
rate.(A) In a pre-ssmulation using a published model (Margolin et al. 2012) we determined the
dependence of the average length of the dynamic microtubules on effective tubulin
concentration. The average length increases exponentially with the tubulin concentration. (B)
The same microtubule scaffold growth for the velocities 0, 2.5, 5, 7.5, 10, 12.5, 15, 17.5 and 20
(from blue to orange) in um/h can be achieved via indicated combinations of MT nucleation
rates and effective tubulin concentrations. Based on the prediction that the length of the dynamic
MTs exponentially increases with the effective tubulin concentration, our simulations predict that
with higher velocities, less additional effective tubulin is necessary to further increase the
microtubule growth velocity.
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Table 1. Reactionsfor thevesicletransport model
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Table 2: Dissociation constants of membrane proteinsfor interactionswith the coat proteins Dissociation
constants were selected to ensure preferred binding of proteinsthat are involved in anterograde transport to coat
B and proteins that are involved in retrograde transport to coat A. High dissociation constants for stationary
proteins for those coat proteins that would incorporate them into vesicles involved in back transport were
selected to ensure that these proteins stay at their anticipated organelle. Orange: Proteinsinvolved in
anterograde movement, Blue: Proteins involved in retrograde movement, Italics. Proteinsthat cycle between
the TGN and GC, Standard fonts: stationary molecules.

AFLUL jz‘i ULTiil ithPlU[E FEAE

Dissociation constants for interactions with Coat A

SNARESs v-SNARE U(K;=1) , t SNARE X (K;= 1) < v-SNARE V (K;=100) > t-SNARE Y (K,= 10000)
Motor protein receptors dynein receplor (K; = 0.1) < kinesin recepior (K;= 10)
Reciuitment factors recruitment factor 2 (K; = I) <reciuitiment factor 1 (K, = 100060)
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Table 3 Reactionsfor Microtubule Bundle Growth

Reaction # Description Reaction Parameters Molecules
9. Nucleation of dynamic dMTy, g P
microtubules a "t
10. Average dynamic MT length Ly = 6; X 8, 01,0, ef fective tubulin
11. Degradation rate of dynamic | 8, = a X [ef fective tubulin]® a,b ef fective tubulin
microtubules
12. Change in number of dN; Bi—yx Ny—B, x N B1,v, B2
dynamic MTs ac Y 1P 1
13. | in length of stabl dL ,L
3 ncrease in length of stable stbl _ ¥ X Lo Y, Layn
MTs dt Y
14. Combined length of dynamic Lgyn = Ly X Ny Ly, Ny
MTs
15. Microtubule scaffold length Layn + Lsen N,
Lyrg = —N
2
16. Neurite Length L = 53 Tneurite

2 Xm X Theurite



https://doi.org/10.1101/153569

bioRxiv preprint doi: https://doi.org/10.1101/153569; this version posted June 23, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Table 4: Percentages of microtubule (MT) bound/unbound motor protein in the different
compartments: A high fraction of MT-bound kinesin in the cell body cytoplasm ensures that
vesicles are immediately transported forward after budding from the TGN. A low percentage of
bound kinesin in the MTC causes about 90% of the anterograde vesicles in the MTC to be
stationary and congtitute a membrane mobilization reservoir that can be recruited upon demand.
No kinesin is bound to the M T in the GC cytoplasm, so that all anterograde vesicles are available
for fuson with the GC membrane. The percentages of MT-bound dynein in the GC and CB
cytoplasm were selected for the same reason. Since we do not assume that there is a membrane
reservoir for retrograde vesicle, we selected a high percentage of bound dynein inthe MTC.

Percentage of kinesin 95 /5 8/92 0/100
bound/unbound
Percentage of Dynein 0/100 84/ 16 95 /5

bound/unbound
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