
Supplementary Information
Christoph Leberechta,b,*, Michael Schroedera, and Dirk Labuddeb

aBiotechnology Center (BIOTEC), TU Dresden, Dresden, 01307, Germany
bUniversity of Applied Sciences Mittweida, Mittweida, 09648, Germany
*christoph.leberecht@tu-dresden.de

SUPPLEMENTARY INFORMATION

The supplementary information document contains detailed model descriptions including background, details, parameters, and
corresponding literature. Additionally, an overview of the modules implemented in this paper, and pseudocode of algorithms
used in agent based modules is included.

1 Model Descriptions
Modeling was performed based on literature study. We analyzed cellular processes and their connection in renal principal
cells. It was not our goal to reproduce progressions of concentration trajectories exactly. Rather, we qualitatively evaluated
the behavior of the system and determined whether it behaves as stated in previous studies. We created models that include
the entities that have been proven significant for the system and evaluated their role in it. Furthermore, we took care to keep
reactions as elementary as possible and strictly separate transport phenomena. This approach results in models that can be
incrementally refined to include other cellular components, while simultaneously reducing the requirements to manually modify
existing parts.

Each model is prefaced by a paragraph that explains the biological background that lead to the design decisions, followed
by details of the simulation conditions. All modules that were used in the model are listed in the modules section. The type
column references the module implementation from the SiNGA framework with a short description. A single module may
consist of multiple reactions that have been generated by the same reaction rule. Features, referenced in the subsequent feature
table, are parameters that determine the concrete behavior of the module (such as reaction rates). Evidence for modules indicate
literature sources where the process itself was described, or applicable reaction equations are given. Chemical entities are
represented as graph structures and for the sake of textual display node have been printed in alphabetical order separated by
hyphens. Parameters are listed in a similar tabular style. Literature is referenced for each feature. Additionally, the simulated
variations are given in the last table of each model subsection.

1.1 PKA activation and AQP2 phosphorylation
Phosphorylation of S256 triggers vesicle departure AQP2 is stored in vesicles close to the nucleus of the cell1–3 in the
basal state of principal cells. AQP2 has multiple phosphorylation sites4–6, out of which Serine 265 seems to play the most
significant role for the exocytosis of the vesicles to the apical membrane4, 7, 8. How exactly S256 increases the frequency of this
transport is currently not fully understood9. A study suggests that proteins of the myosin family 5 are activated directly by
secretory vesicle cargo10. Other work indicates that Ca2+ oscillations, which are also triggered upon vasopressin recognition,
were essential for AQP2 exocytosis11, 12. Additionally, the ratio between phosphorylated and unphosphorylated AQP2 seems
to play a significant role13. It was proposed that the phosphorylation of three monomers in a tetrameter is essential for its
positioning in the apical membrane13.

PKA is regulated by allostery The phosphorylation of S256 is introduced by protein kinase A catalytic subunit (PKAC)7,
which in its holoenzyme form is tightly bound to the protein kinase A regulatory subunit II (PKAR)14. The regulatory subunit is
associated to the A-kinase anchoring protein 18δ (AKAP)15, which is bound to the AQP2 vesicle membrane16. Additionally,
AKAP provides binding sites for phosphodiesterase type 4D3 (PDE)17 and Serine/threonine-protein phosphatase 2B (PP2B)18.
The actual mechanism of PKA activation and regulation has been subject to lots of research and scientific debate19. The
current consensus that was modeled is shown in the main manuscript. The regulatory subunit PKAR binds to the complex of
PKAC and adenosine triphosphate (ATP)20 which catalyzes autophosphorylation. PKAR is further able to bind two cyclic
adenosine monophosphate (cAMP) molecules, whose binding sites have about the same association rate21, but so-called site A
has a higher dissociation rate (6.3 ·10−2 s−1) in comparison to site B (2.6 ·10−6 s−1)22. Additionally, site A is only accessible
after site B is occupied22, 23. Strikingly, the complex of phosphorylated PKAR and PKAC-ADP only dissociates whenever
both cAMP binding sites are occupied23. Consequently, in the basal state, the overwhelming majority of PKAC is bound to



it’s already phosphorylated regulatory subunit23. Upon exposure to sufficiently large concentrations of cAMP the catalytic
subunit is released and able to phosphorylate further targets. Walker-Gray et al. also found that PKAC stays close to the
membrane via myristylation24, which confines the area of action for PKAC and keeps the response to cAMP very localized.
The phosphorylation slows reassociation of PKAC to PKAR even if no cAMP is bound20. Dephosphorylation is performed by
PP2B25, the phosphatase associated with AKAP. The concentration of the regulatory subunit of PKA was found to be up to
17-fold higher than the catalytic subunit24. This ensures efficient restraining of PKA subunits close to their origin of release.

Simplifications and estimations We have chosen to include the phosphorylation site S256 as the only phosphorylation
site of AQP2. The consensus regarding this phosphorylation is currently the largest among all the phosphorylation sites of
AQP24, 8, 26, 27. We refer to AQP2 phosphorylated at Serine 256 as AQP2-P. If the ratio of AQP2-P to total AQP2 surpasses
3/4, the vesicle is able to attach to cytoskeletal filaments13. The initial concentration of AQP2 was estimated as described in
Supplementary Table 15. In short, we used the permeability and area of the cell membrane to determine the number of AQP2 in
the cell membrane of resting and activated principal cells. We conclude that about 4800 AQP2 monomers would be present
in inactive and, 11400 monomers would be present in active 1.6 µm2 apical membrane. Furthermore, this requires about 10
vesicles with 650 monomers each28 to fuse with the apical membrane to reach the measured permeability. The basal AQP2-P to
AQP2 ratio was determined to be around 0.46 and was used to calculate the initial amount of AQP2 in vesicles13.

Since the binding of cAMP at site A exposes the phosphorylation and PKAC binding site20, we assume that PP2B preferably
binds18 to this open variant. We omitted the explicit modeling of ADP as a product of phosphorylation, as well as phosphate
as a product of dephosphorylation, since they are only end products in this model. Furthermore, ATP was not modeled
since it is not considered a rate limiting substrate20, 29. All the components of the AKAP signaling complex are considered
membrane bound16–18, 30. The degradation of cAMP by PDE was modeled explicitly, since its phosphorylation by PKA31 and
its localization at vesicles17 is critical for this pathway.

Supplementary Table 1. Phosphorylation model modules.

ID Type Features Evidence
M001 Reaction F01, F02 32,20

PKA activation: PKAR PKAC binding and phosphorylation
PKAC + AKAP CAMP PKAR AKAP CAMP P PKAC PKAR
PKAC + AKAP PKAR AKAP P PKAC PKAR
PKAC + AKAP CAMP CAMP PKAR AKAP CAMP CAMP P PKAC PKAR

M002 Reaction F03 33,20

PKA activation: PKAC PKAR release
AKAP CAMP CAMP P PKAC PKAR PKAC + AKAP CAMP CAMP P PKAR

M003 Reaction F04, F05 23

PKA activation: PKAR-P PKAC binding
PKAC + AKAP CAMP P PKAR AKAP CAMP P PKAC PKAR
PKAC + AKAP CAMP CAMP P PKAR AKAP CAMP CAMP P PKAC PKAR
PKAC + AKAP P PKAR AKAP P PKAC PKAR

M004 Reaction F06, F07 23,21,22

PKA activation: PKAR CAMP pocket B binding
CAMP + AKAP PKAR AKAP CAMP PKAR
CAMP + AKAP P PKAR AKAP CAMP P PKAR
CAMP + AKAP P PKAC PKAR AKAP CAMP P PKAC PKAR

M005 Reaction F06, F08 23,21,22

PKA activation: PKAR CAMP pocket A binding and PKAC release
CAMP + AKAP CAMP P PKAC PKAR PKAC + AKAP CAMP CAMP P PKAR

M006 Reaction F06, F08 23,21,22

PKA activation: PKAR CAMP pocket A binding
CAMP + AKAP CAMP P PKAR AKAP CAMP CAMP P PKAR
CAMP + AKAP CAMP PKAR AKAP CAMP CAMP PKAR
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Supplementary Table 1. Phosphorylation model modules.

ID Type Features Evidence
M007 Reaction F09, F10 34,27,35,36

PKA phosphorylation: PKAC AQP2 binding
AQP2 + PKAC AQP2 PKAC

M008 Reaction F03 27,35,36

PKA phosphorylation: PKAC AQP2 phosphorylation and release
AQP2 PKAC AQP2 P + PKAC

M009 Reaction F11, F10 34,37,38

PKA phosphorylation: PKAC PDE4 binding
PDE + PKAC PDE PKAC

M010 Reaction F03 34,37,38

PKA phosphorylation: PKAC PDE4 phosphorylation and release
PDE PKAC P PDE + PKAC

M011 Reaction F12, F13 39,40,25

PP2B dephosphorylation: PP2B PKAR binding
AKAP CAMP CAMP P PKAR + PP2 B AKAP CAMP CAMP P PKAR PP2 B

M012 Reaction F14 41,40,25

PP2B dephosphorylation: PP2B PKAR dephosphorylation
AKAP CAMP CAMP P PKAR PP2 B PP2 B + AKAP CAMP CAMP PKAR

M013 Reaction F12, F13 39,40,18

PP2B dephosphorylation: PP2B AQP2-P binding
AQP2 P + PP2 B AQP2 P PP2 B

M014 Reaction F14 41,40,18

PP2B dephosphorylation: PP2B AQP2-P dephosphorylation
AQP2 P PP2 B PP2 B + AQP2

M015 Reaction F15, F16 34,42

cAMP regulation: cAMP to AMP catalysis by PDE4
CAMP PDE AMP

M016 Reaction F17, F18 34,42

cAMP regulation: cAMP to AMP catalysis by PDE4-P

CAMP P PDE AMP

M017 Reaction F19 43

cAMP regulation: cAMP influx
CAMP

Supplementary Table 2. Phosphorylation model quantitative parameters.

ID Type Content Unit Evidence
F01 SecondOrderForwardsRateConstant 2.1 l/(s·µmol) 20

PKAR binding PKAC

F02 FirstOrderBackwardsRateConstant 3.0×10−4 1/s 20

PKAR releasing PKAC
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Supplementary Table 2. Phosphorylation model quantitative parameters.

ID Type Content Unit Evidence
F03 FirstOrderForwardsRateConstant 5.0×101 1/s 33

PKAC substrate release after conformation change

F04 SecondOrderForwardsRateConstant 3.8×10−2 l/(s·µmol) 20

PKAR-P binding PKAC

F05 FirstOrderBackwardsRateConstant 2.6×10−4 1/s 20

PKAR-P releasing PKAC

F06 SecondOrderForwardsRateConstant 5.0×10−2 l/(s·µmol) 21,40

cAMP binding to PKAR for both pockets A and B

F07 FirstOrderBackwardsRateConstant 2.6×10−6 1/s 22,40

PKAR releases cAMP from pocket B

F08 FirstOrderBackwardsRateConstant 6.3×10−2 1/s 22,40

PKAR releases cAMP from pocket A

F09 SecondOrderForwardsRateConstant 1.5 l/(s·µmol) 35,36

PKAC AQP2 binding

F10 FirstOrderBackwardsRateConstant 7.7×10−2 1/s 35,36

PKAC substrate release

F11 SecondOrderForwardsRateConstant 1.5 l/(s·µmol) 35,36

PKAC PDE4 binding

F12 SecondOrderForwardsRateConstant 2.5×10−2 l/(s·µmol) 39,40

PP2B substrate binding

F13 FirstOrderBackwardsRateConstant 1.0×10−2 1/s 39,40

PP2B substrate release

F14 FirstOrderForwardsRateConstant 5.0×10−1 1/s 41,40

PP2B substrate dephosphorylation and release

F15 MichaelisConstant 5.9 µmol/l 42

PDE4 affinity of cAMP

F16 TurnoverNumber 4.5×10−2 1/s 42

PDE4 turnover of cAMP

F17 MichaelisConstant 1.2 µmol/l 42

PDE4-P affinity of cAMP

F18 TurnoverNumber 2.3 1/s 42

PDE4-P turnover of cAMP

F19 ZeroOrderForwardsRateConstant 1.0×10−2 µmol/(s·l) estimation
CAMP influx

F20 InitialConcentration 1.0×10−1 µmol/l 42

of entity CAMP in cytoplasm

F21 InitialConcentration 2.0×10−1 µmol/l 24

of entity AKAP-P-PKAC-PKAR in vesicular membrane

F22 InitialConcentration 2.0 µmol/l 24

of entity AKAP-P-PKAR in vesicular membrane
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Supplementary Table 2. Phosphorylation model quantitative parameters.

ID Type Content Unit Evidence
F23 InitialConcentration 2.0×10−1 µmol/l 42

of entity PDE in vesicular membrane

F24 InitialConcentration 1.0×10−1 µmol/l estimation
of entity P-PDE in vesicular membrane

F25 InitialConcentration 2.0×10−1 µmol/l estimation
of entity PP2B in vesicular membrane

F26 InitialConcentration 5.9 µmol/l 28,13

of entity AQP2 in vesicular membrane

F27 InitialConcentration 2.7 µmol/l 28,44

of entity AQP2-P vesicular membrane

Supplementary Table 3. Phosphorylation model variations.

ID Values Unit Σ

F01 1.05e+00, 2.10e+00, 4.20e+00 l/(s·µmol) 3
F06 1.00e-03, 1.00e-02, 7.00e-02, 2.00e-01 l/(s·µmol) 4
F09 7.50e-01, 1.50e+00, 3.00e+00 l/(s·µmol) 3
F11 7.50e-01, 1.50e+00, 3.00e+00 l/(s·µmol) 3
F12 5.00e-03, 1.00e-02, 5.00e-02, 1.00e-01 l/(s·µmol) 4
F18 1.17e+00, 2.34e+00, 4.68e+00 1/s 3
F19 1.00e-02, 5.00e-02, 1.00e-01, 2.00e-01 µmol/(s·l) 4

Total variations 5184
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1.2 cAMP diffusion
cAMP signaling is compartmentalized The amplitude, duration and localization of a response to a signal is determined by
several proteins that manage the synthesis and degradation of messenger molecules45. The vasopressin response mainly revolves
around the second messenger cAMP which activates PKA. The basal average cAMP concentration is about 1 µmolL−1 and the
reported concentration to half-maximally activate PKA in vitro is about 200 nmolL−142. This relationship suggests that PKA
should be constantly active and unable to respond to signals. However, measurements in vivo determined the sensitivity of PKA
to be about twenty times lower. Different explanations can be found for this phenomenon42. A promising hypothesis for the
apparent low sensitivity is the highly regulated cAMP abundance in compartmentalized pools46–48. Multiple factors contribute
to the compartmentalization of cAMP43. First, phosphodiesterases have been shown to control local cAMP concentration
for the regulation of PKA49. Different isoforms of PDE are varying in localization, specificity, and rate of cyclic nucleotide
degradation42; the variant that is located close to AQP2 vesicles is PDE437. The work by Stefan et al. shows that AKAP18δ

directly interacts with PDE4, tethers it to AQP2 bearing vesicles, and even co-translocates with the vesicles. Interestingly, a
phosphorylation at Ser54 by PKA causes an increase in its activity34. The concentration of PDE4 in cells is in the same range
as catalytic subunits of PKA µmolL−1, further substantiating their co-dependence. Another large factor to achieve efficient
compartmentalization of PKA is the reduction of the diffusivity of cAMP. The diffusivity of cAMP in cytoplasm of myocytes
was determined to be 32 cm2 s−1, which is about a magnitude slower than in water50. Richards and colleges also determined
that the low diffusivity is primarily contributed by tortuosity, which is the obstruction of an objects’ path due to physical barriers
(such as other molecules, filaments, and organelles) in fluids. Other studies have shown that the location and surrounding of
cAMP in the cell has major influence on the diffusivity of cAMP51, 52. The buffering of cAMP due to binding enzymes also
influences the concentration of cAMP that is distributed throughout the cell52. Computational and experimental studies have
shown that depending on cell type and signaling cascade, the different factors vary in intensity47, 53–55.

Simplifications and estimations PKA and cAMP are known to be involved in fine-tuned spatial signaling complexes56.
However, it is unclear how PKA is able to maintain a high specificity while being so sensitive to cAMP42. Therefore, we
wanted to explore the behavior of this signaling in different spatial environments. Two setups were developed that are used
to observe cAMP compartmentalization in restricted and unrestricted environments. Ubiquitous phosphodiesterase were
modeled implicitly by choosing a low basal cAMP diffusion rate50. This accounts for the steady degradation of cAMP in the
cytoplasm of the cell. The cAMP gradient was calculated by [cAMP]basal− [cAMP]storage, PKA activity was calculated by
[PKA]free/([PKA]free +[PKA]bound), similar to the AQP2 phosphorylation ratio [AQP2-P]/([AQP2]+ [AQP2-P]). Buffering is
explicitly considered by the PKA regulation mechanism. Additional sources of cAMP buffering were not considered. An area of
restricted diffusion was introduced to consider localized reduction of cAMP diffusivity close to vesicles stored in the perinuclear
region37. The reduced diffusivity can be a result of transitional binding, molecular crowding, or dense cytofilaments52. These
factors have been combined to a permeability coefficient. Additionally, some regions of the cell are restricted by impassible
membrane-enclosed organelles. The diffusive restriction can therefore be altered by increasing the number of obstacles that
block access to vesicles. Hence, a spatial setup was designated, where the storage region of vesicles is isolated from the
cytoplasm using a membrane-based barrier. The number of passages in the barrier is varied and used to model the influence of
different degrees of restricted access. This reduces the total accessible area of originally 3.1 µm2, to about 0.4, 0.3, and 0.2 µm2

evenly distributed across 4, 3, and 2 access points, respectively. Total simulation time was 5 minutes.

Supplementary Table 4. cAMP compartmentalization model modules.

ID Type Features Evidence
M001 Reaction F01, F02 32,20

PKA activation: PKAR PKAC binding and phosphorylation
PKAC + AKAP CAMP PKAR AKAP CAMP P PKAC PKAR
PKAC + AKAP PKAR AKAP P PKAC PKAR
PKAC + AKAP CAMP CAMP PKAR AKAP CAMP CAMP P PKAC PKAR

M002 Reaction F03 33,20

PKA activation: PKAC PKAR release
AKAP CAMP CAMP P PKAC PKAR PKAC + AKAP CAMP CAMP P PKAR
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Supplementary Table 4. cAMP compartmentalization model modules.

ID Type Features Evidence
M003 Reaction F04, F05 23

PKA activation: PKAR-P PKAC binding
PKAC + AKAP CAMP P PKAR AKAP CAMP P PKAC PKAR
PKAC + AKAP CAMP CAMP P PKAR AKAP CAMP CAMP P PKAC PKAR
PKAC + AKAP P PKAR AKAP P PKAC PKAR

M004 Reaction F06, F07 23,21,22

PKA activation: PKAR CAMP pocket B binding
CAMP + AKAP PKAR AKAP CAMP PKAR
CAMP + AKAP P PKAR AKAP CAMP P PKAR
CAMP + AKAP P PKAC PKAR AKAP CAMP P PKAC PKAR

M005 Reaction F06, F08 23,21,22

PKA activation: PKAR CAMP pocket A binding and PKAC release
CAMP + AKAP CAMP P PKAC PKAR PKAC + AKAP CAMP CAMP P PKAR

M006 Reaction F06, F08 23,21,22

PKA activation: PKAR CAMP pocket A binding
CAMP + AKAP CAMP P PKAR AKAP CAMP CAMP P PKAR
CAMP + AKAP CAMP PKAR AKAP CAMP CAMP PKAR

M007 Reaction F09, F10 34,27,35,36

PKA phosphorylation: PKAC AQP2 binding
AQP2 + PKAC AQP2 PKAC

M008 Reaction F03 27,35,36

PKA phosphorylation: PKAC AQP2 phosphorylation and release
AQP2 PKAC AQP2 P + PKAC

M009 Reaction F11, F10 34,37,38

PKA phosphorylation: PKAC PDE4 binding
PDE + PKAC PDE PKAC

M010 Reaction F03 34,37,38

PKA phosphorylation: PKAC PDE4 phosphorylation and release
PDE PKAC P PDE + PKAC

M011 Reaction F12, F13 39,40,25

PP2B dephosphorylation: PP2B PKAR binding
AKAP CAMP CAMP P PKAR + PP2 B AKAP CAMP CAMP P PKAR PP2 B

M012 Reaction F14 41,40,25

PP2B dephosphorylation: PP2B PKAR dephosphorylation
AKAP CAMP CAMP P PKAR PP2 B PP2 B + AKAP CAMP CAMP PKAR

M013 Reaction F12, F13 39,40,18

PP2B dephosphorylation: PP2B AQP2-P binding
AQP2 P + PP2 B AQP2 P PP2 B

M014 Reaction F14 41,40,18

PP2B dephosphorylation: PP2B AQP2-P dephosphorylation
AQP2 P PP2 B PP2 B + AQP2
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Supplementary Table 4. cAMP compartmentalization model modules.

ID Type Features Evidence
M015 Reaction F15, F16 34,42

cAMP regulation: cAMP to AMP catalysis by PDE4
CAMP PDE AMP

M016 Reaction F17, F18 34,42

cAMP regulation: cAMP to AMP catalysis by PDE4-P

CAMP P PDE AMP

M017 Reaction F19 43

cAMP regulation: cAMP influx
CAMP

M018 Diffusion F20, F21, F22, F24 50

cAMP cytoplasm diffusion

Supplementary Table 5. cAMP compartmentalization quantitative parameters

ID Type Content Unit Evidence
F01 SecondOrderForwardsRateConstant 2.1 l/(s·µmol) 20

PKAR binding PKAC

F02 FirstOrderBackwardsRateConstant 3.0×10−4 1/s 20

PKAR releasing PKAC

F03 FirstOrderForwardsRateConstant 5.0×101 1/s 33

PKAC substrate release after conformation change

F04 SecondOrderForwardsRateConstant 3.8×10−2 l/(s·µmol) 20

PKAR-P binding PKAC

F05 FirstOrderBackwardsRateConstant 2.6×10−4 1/s 20

PKAR-P releasing PKAC

F06 SecondOrderForwardsRateConstant 5.0×10−2 l/(s·µmol) 21,40

cAMP binding to PKAR for both pockets A and B

F07 FirstOrderBackwardsRateConstant 2.6×10−6 1/s 22,40

PKAR releases cAMP from pocket B

F08 FirstOrderBackwardsRateConstant 6.3×10−2 1/s 22,40

PKAR releases cAMP from pocket A

F09 SecondOrderForwardsRateConstant 1.5 l/(s·µmol) 35,36

PKAC AQP2 binding

F10 FirstOrderBackwardsRateConstant 7.7×10−2 1/s 35,36

PKAC substrate release

F11 SecondOrderForwardsRateConstant 1.5 l/(s·µmol) 35,36

PKAC PDE4 binding

F12 SecondOrderForwardsRateConstant 2.5×10−2 l/(s·µmol) 39,40

PP2B substrate binding

F13 FirstOrderBackwardsRateConstant 1.0×10−2 1/s 39,40

PP2B substrate release
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Supplementary Table 5. cAMP compartmentalization quantitative parameters

ID Type Content Unit Evidence
F14 FirstOrderForwardsRateConstant 5.0×10−1 1/s 41,40

PP2B substrate dephosphorylation and release

F15 TurnoverNumber 4.5×10−2 1/s 42

PDE4 turnover of cAMP

F16 MichaelisConstant 5.9 µmol/l 42

PDE4 affinity of cAMP

F17 TurnoverNumber 2.3 1/s 42

PDE4-P turnover of cAMP

F18 MichaelisConstant 1.2 µmol/l 42

PDE4-P affinity of cAMP

F19 ZeroOrderForwardsRateConstant 1.0×10−2 µmol/(s·l) estimation
CAMP influx

F22 Permeability 1.0×10−1 52

reduced diffusion of cAMP in storage region

F23 MembraneDiffusivity 4.3 µm²/s 57,58

lateral diffusivity of membrane bound entities

F24 ConcentrationDiffusivity 3.2×101 µm²/s 50

cAMP diffusivity in cytoplasm

F25 SpatialDiffusivity 1.5×10−6 µm²/s 59,60

diffusivity of macroscopic entities

F26 InitialConcentration 5.0×10−1 µmol/l 42

of entity CAMP in cytoplasm

F27 InitialConcentration 1.0×10−1 µmol/l 42

of entity CAMP in restricted region

F28 InitialConcentration 2.0×10−1 µmol/l 24

of entity AKAP-P-PKAC-PKAR in vesicle membrane

F29 InitialConcentration 2.0 µmol/l 24

of entity AKAP-P-PKAR in vesicle membrane

F30 InitialConcentration 5.0×10−2 µmol/l 42

of entity PDE in vesicle membrane

F31 InitialConcentration 5.0×10−2 µmol/l estimation
of entity P-PDE in vesicle membrane

F32 InitialConcentration 2.0×10−1 µmol/l estimation
of entity PP2B in vesicle membrane

F33 InitialConcentration 2.0×101 µmol/l 28,13

of entity AQP2 in vesicle membrane

F34 InitialConcentration 9.8 µmol/l 28,13

of entity AQP2-P in vesicle membrane
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Supplementary Table 6. cAMP compartmentalization qualitative parameters

ID Type Content Evidence
F20 Cargoes [CAMP]

entities that are subject to diffusion

F21 AffectedSection cytoplasm
section that is affected by diffusion

Supplementary Table 7. cAMP compartmentalization variations

ID Values Unit Σ

F06 1.00e-02, 5.00e-02, 1.00e-01 l/(s·µmol) 3
F12 2.50e-02, 5.00e-02 l/(s·µmol) 2
F17 2.34e+00, 4.68e+00, 9.48e+00 1/s 3
F19 1.00e-02, 5.00e-02, 1.00e-01, 2.00e-01 µmol/(s·l) 4
F22 1.00e-02, 1.00e-01, 1.00e-00 3
Setups restricted (2, 3, and 4 passages), unrestricted 4

Total variations 864

1.3 Vesicle endocytosis
AQP2 is retrieved by Clathrin-mediated endocytosis AQP2 is concentrated in clathrin coated pits61, indicating that
clathrin-mediated endocytosis is the preferred mode of internalization and recycling. In the process of clathrin-mediated
endocytosis, nucleation points initialize pit formation at the membrane. Specific adapter proteins are added that bind both the
cargo and clathrin molecules. It was found that phosphorylation of AQP2 at Serine 269 inhibits the binding of the adapter
protein Sipa1l1, blocks endocytosis62, 63, and generally alters interactions with other proteins of the endocytosis machinery26.
Serine 269 is phosphorylated in response to vesopressin64 and only found in the apical membrane6. Another mechanism that
affects vesicle internalization of AQP2 is the phosphorylation of Proto-oncogene tyrosine-protein kinase Src (SRC)65. The
exact mechanism is not fully understood, but it is speculated that SRC phosphorylation of Dynamin is required for vesicle
scission. Its inhibition leads to AQP2 retention65. The connection between PKA and SRC can be made via C-terminal Src
kinase (CSK)66. SRC has two phosphorylation sites: Tyrosine 416 for autophosphorylation and activation of the kinase and
Tyrosine 527 for inhibition67. PKA phosphorylates CSK at Serine 364, which in turn phosphorylates SRC at 527. Therefore,
an activation of PKA in the apical region of the cell would also lead to a decrease in vesicle formation and therefore AQP2
accumulation. Loerke et al. discerned distinct subpopulations of clathrin coated pits that correspond to aborted intermediate pits
and vesicle-forming, long-lived pits68. They also found that the addition of cargo determined whether a pit would be aborted
after a certain time or matured to become a vesicle. After the vesicle is detached from the membrane, it experiences an abrupt
lateral displacement69.

Simplifications and estimations Endocytosis is primarily designed after the model by Loekre at al.68. We assume that
“seeds” for clathrin-coated pits form randomly on the membrane surface. During their lifetime, clathrin-coated pits successively
pass two stages: collection and maturation. During the collection phase, pits gather chemical entities from their surrounding
membrane. After a predefined checkpoint time the concentration of a key cargo entities is checked and if it surpasses a
threshold value the vesicle enters the maturation stage. If the threshold was not reached, the pit enters the abortion stage and the
accumulated chemical entities pass back to the membrane. After maturation time, each pit forms a clathrin-coated vesicle. The
endocytotic pit formation rate was converted to a probability, that a vesicle would spawn in a given membrane segment and
time step. Loekre and colleagues observed three subpopulations of pits: two short-lived and one long-lived. In this model,
early-abortive and late-abortive subpopulations are not distinguished. We considered only the late abortive population, since
not enough information on the factors that drive their distinction is available.

In the apical cell membrane, SRC regulates the endocytosis of AQP2 positive vesicles65. The exact mechanism is still under
speculation, but it is proposed that active SRC is required for the Dynamin mediated scission of pits to form vesicles. Another
possibility is that phosphorylation of key cargo proteins inhibits the binding of adaptor proteins such as Sipa1l162 or AP268.
In this model, the ratio of inhibited SRC kinase and active SRC kinase was used to scale the cargo accumulation rate, such
that inhibited SRC kinase leads to an increase in abortive pits. The inhibition of SRC is mediated by a phosphorylation of
Tyrosine 527, which is performed by activated CSK67. Csk itself can be activated by PKA via phosphorylation of Serine 36470.
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Therefore, an activation of PKA leads to an inactivation of SRC and subsequently to AQP2 retention in the apical membrane.
This pathway coincides with the observations of Cheung et al., who found out that an inhibition of SRC is sufficient to cause
AQP2 accumulation in the membrane65. PKA not only activates the transport from intracellular storage, but also indirectly
inhibits AQP2 removal from the membrane. After endocytotic pits have fully matured, they are scissioned and experience an
abrupt lateral displacement69 with an average speed of 57 nms−1 for about 11 s.

Supplementary Table 8. Endocytosis model modules

ID Type Features Evidence
M001 Reaction F01, F02 32,20

PKA activation: PKAR PKAC binding and phosphorylation
PKAC + AKAP CAMP PKAR AKAP CAMP P PKAC PKAR
PKAC + AKAP PKAR AKAP P PKAC PKAR
PKAC + AKAP CAMP CAMP PKAR AKAP CAMP CAMP P PKAC PKAR

M002 Reaction F03 33,20

PKA activation: PKAC PKAR release
AKAP CAMP CAMP P PKAC PKAR PKAC + AKAP CAMP CAMP P PKAR

M003 Reaction F04, F05 23

PKA activation: PKAR-P PKAC binding
PKAC + AKAP CAMP P PKAR AKAP CAMP P PKAC PKAR
PKAC + AKAP CAMP CAMP P PKAR AKAP CAMP CAMP P PKAC PKAR
PKAC + AKAP P PKAR AKAP P PKAC PKAR

M004 Reaction F06, F07 23,21,22

PKA activation: PKAR CAMP pocket B binding
CAMP + AKAP PKAR AKAP CAMP PKAR
CAMP + AKAP P PKAR AKAP CAMP P PKAR
CAMP + AKAP P PKAC PKAR AKAP CAMP P PKAC PKAR

M005 Reaction F08, F07 23,21,22

PKA activation: PKAR CAMP pocket A binding and PKAC release
CAMP + AKAP CAMP P PKAC PKAR PKAC + AKAP CAMP CAMP P PKAR

M006 Reaction F08, F07 23,21,22

PKA activation: PKAR CAMP pocket A binding
CAMP + AKAP CAMP P PKAR AKAP CAMP CAMP P PKAR
CAMP + AKAP CAMP PKAR AKAP CAMP CAMP PKAR

M007 Reaction F09, F10 34,27,35,36

PKA phosphorylation: PKAC AQP2 binding
AQP2 + PKAC AQP2 PKAC

M008 Reaction F03 27,35,36

PKA phosphorylation: PKAC AQP2 phosphorylation and release
AQP2 PKAC AQP2 P + PKAC

M009 Reaction F09, F11 34,37,38

PKA phosphorylation: PKAC PDE4 binding
PDE + PKAC PDE PKAC

M010 Reaction F03 34,37,38

PKA phosphorylation: PKAC PDE4 phosphorylation and release
PDE PKAC P PDE + PKAC
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Supplementary Table 8. Endocytosis model modules

ID Type Features Evidence
M011 Reaction F12, F13 39,40,25

PP2B dephosphorylation: PP2B PKAR binding
AKAP CAMP CAMP P PKAR + PP2 B AKAP CAMP CAMP P PKAR PP2 B

M012 Reaction F14 41,40,25

PP2B dephosphorylation: PP2B PKAR dephosphorylation
AKAP CAMP CAMP P PKAR PP2 B PP2 B + AKAP CAMP CAMP PKAR

M013 Reaction F12, F13 39,40,18

PP2B dephosphorylation: PP2B AQP2-P binding
AQP2 P + PP2 B AQP2 P PP2 B

M014 Reaction F14 41,40,18

PP2B dephosphorylation: PP2B AQP2-P dephosphorylation
AQP2 P PP2 B PP2 B + AQP2

M015 Reaction F09, F10 65,70

Src phosphorylation: PKAC CSK binding
CSK + PKAC CSK PKAC

M016 Reaction F03 65,70

Src phosphorylation: PKAC CSK phosphorylation and release
CSK PKAC CSK P + PKAC

M017 Reaction F15, F16 71,67,72

Src phosphorylation: CSK SRC binding
SRC + CSK P CSK P SRC

M018 Reaction F17 71,67,72

Src phosphorylation: CSK SRC phosphorylation and release
CSK P SRC P SRC + CSK P

M019 Reaction F18, F19 34,42

cAMP regulation: cAMP to AMP catalysis by PDE4
CAMP PDE AMP

M020 Reaction F20, F21 34,42

cAMP regulation: cAMP to AMP catalysis by PDE4-P

CAMP P PDE AMP

M021 Reaction F22 43

cAMP regulation: cAMP influx
CAMP

M022 EndocytoticPitAbsorption F23, F24, F25 68

endocytosis: pit cargo collection

M023 ClathrinMediatedEndocytosis F25, F26, F27, F31, F32, F33, F34, F35, F36 68,73

endocytosis: aqp2 vesicle endocytosis
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Supplementary Table 9. Endocytosis model quantitative parameters

ID Type Content Unit Evidence
F01 FirstOrderBackwardsRateConstant 3.0×10−4 1/s 20

PKAR releasing PKAC

F02 SecondOrderForwardsRateConstant 2.1 l/(s·µmol) 20

PKAR binding PKAC

F03 FirstOrderForwardsRateConstant 5.0×101 1/s 33

PKAC substrate release after conformation change

F04 FirstOrderBackwardsRateConstant 2.6×10−4 1/s 20

PKAR-P releasing PKAC

F05 SecondOrderForwardsRateConstant 3.8×10−2 l/(s·µmol) 20

PKAR-P binding PKAC

F06 FirstOrderBackwardsRateConstant 2.6×10−6 1/s 22,40

PKAR releases cAMP from pocket B

F07 SecondOrderForwardsRateConstant 1.0×10−2 l/(s·µmol) 21,40

cAMP binding to PKAR for both pockets A and B

F08 FirstOrderBackwardsRateConstant 6.3×10−2 1/s 22,40

PKAR releases cAMP from pocket A

F09 FirstOrderBackwardsRateConstant 7.7×10−2 1/s 35,36

PKAC substrate release

F10 SecondOrderForwardsRateConstant 1.5 l/(s·µmol) 35,36

PKAC AQP2 binding

F11 SecondOrderForwardsRateConstant 1.5 l/(s·µmol) 35,36

PKAC PDE4 binding

F12 FirstOrderBackwardsRateConstant 1.0×10−2 1/s 39,40

PP2B substrate release

F13 SecondOrderForwardsRateConstant 1.0×10−2 l/(s·µmol) 39,40

PP2B substrate binding

F14 FirstOrderForwardsRateConstant 5.0×10−1 1/s 41,40

PP2B substrate dephosphorylation and release

F15 FirstOrderBackwardsRateConstant 7.0×10−1 1/s 72

CSK substrate release

F16 SecondOrderForwardsRateConstant 1.0 l/(µmol·s) 72

CSK substrate binding

F17 FirstOrderForwardsRateConstant 2.0 1/s 72

CSK substrate phosphorylation and release

F18 MichaelisConstant 5.9 µmol/l 42

PDE4 affinity of cAMP

F19 TurnoverNumber 4.5×10−2 1/s 42

PDE4 turnover of cAMP

F20 MichaelisConstant 1.2 µmol/l 42

PDE4-P affinity of cAMP
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Supplementary Table 9. Endocytosis model quantitative parameters

ID Type Content Unit Evidence
F21 TurnoverNumber 2.3 1/s 42

PDE4-P turnover of cAMP

F22 ZeroOrderForwardsRateConstant 3.0×10−1 µmol/(s·l) estimation
CAMP influx

F24 CargoAdditionRate 4.0×10−2 1/s estimation
rate at which relevant cargo is added to the pit

F26 VesicleRadius 5.0×10−2 µm 69

radius of AQP2 positive vesicles

F28 InitialConcentration 1.0×10−1 µmol/l 69

of entity CLA in vesicle membrane

F29 InitialConcentration 8.3×10−3 µmol/l 74

of entity DYN in vesicle membrane

F30 InitialConcentration 1.7×10−2 µmol/l 75

of entity MYO in vesicle membrane

F31 PitFormationRate 5.0×10−2 1/(s·µm²) 69

rate at which new pits form

F33 EndocytosisCheckpointConcentration 6.5×102 molecules 68

a pit matures, if this number of cargo molecules is reached

F34 EndocytosisCheckpointTime 3.0×101 s 68

time after pit formation that determines if a pit matures

F36 MaturationTime 7.0×101 s 68

the average time of the endocytotic maturation process

F37 MembraneDiffusivity 4.3 µm²/s 57,58

lateral diffusivity of membrane bound entities

F38 ConcentrationDiffusivity 3.2×101 µm²/s 50

cAMP diffusivity in cytoplasm

F39 InitialConcentration 5.0×10−1 µmol/l 42

of entity CAMP in cytoplasm

F40 InitialConcentration 5.0×10−1 µmol/l 28,13

of entity AQP2 in apical plasma membrane

F41 InitialConcentration 1.0×101 µmol/l 28,44

of entity AQP2-P in apical plasma membrane

F42 InitialConcentration 1.9×10−1 µmol/l 24

of entity AKAP-P-PKAC-PKAR in apical plasma membrane

F43 InitialConcentration 1.0×10−2 µmol/l 42,24

of entity PKAC in apical plasma membrane

F44 InitialConcentration 2.0 µmol/l 24

of entity AKAP-CAMP-P-PKAR in apical plasma membrane

F45 InitialConcentration 1.0×10−1 µmol/l estimation
of entity PDE in apical plasma membrane
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Supplementary Table 9. Endocytosis model quantitative parameters

ID Type Content Unit Evidence
F46 InitialConcentration 2.0×10−1 µmol/l estimation

of entity P-PDE in apical plasma membrane

F47 InitialConcentration 2.0×10−1 µmol/l estimation
of entity PP2B in apical plasma membrane

F48 InitialConcentration 2.0×10−1 µmol/l estimation
of entity CSK in apical plasma membrane

F49 InitialConcentration 1.0×10−1 µmol/l estimation
of entity SRC in apical plasma membrane

F50 InitialConcentration 1.0×10−1 µmol/l estimation
of entity P-SRC in apical plasma membrane

Supplementary Table 10. Endocytosis model qualitative parameters

ID Type Content Evidence
F23 ScalingEntities [SRC, P-SRC] estimation

the entities that influence cargo addition rate

F25 Cargoes all membrane bound entities estimation
other cargoes

F27 InitialConcentrations F28, F29, F30 estimation
F32 AffectedRegion apical inner plasma membrane (GO:0016324) estimation

region where endocytotic pits are able to from

F35 PrimaryCargoes all entities in complex with AQP2 62

the entities that are the relevant cargo for this vesicle

Supplementary Table 11. Endocytosis model variations

ID Values Unit Σ

F16 4.00e+00, 8.00e+00, 1.60e+01 l/(µmol·s) 3
F17 1.00e+00, 2.00e+00, 4.00e+00 1/s 3
F22 1.00e-02, 5.00e-02, 1.00e-01, 2.00e-01 µmol/(s·l) 4
F24 2.50e-03, 5.00e-03, 1.00e-02, 2.00e-02 1/s 4
F31 1.00e-02, 5.00e-02, 1.00e-01, 5.00e-01 1/(s·µm²) 4

Total variations 576

1.4 Recycling Model
The recycling model includes the previously refined models in addition to interstellar transport mechanisms to allow vesicle to
move between storage compartments and membrane.

AQP2 vesicles translocate to the apical membrane Actin filaments influence the vasopressin response at multiple points
during the signaling cascade. In the unattached state, vesicles are able to diffuse into the cytoplasm76. Myosin Vb motor
and the Rab11-FIP2 adapter protein facilitate the attachment of AQP2 vesicles to filaments and their transport to the apical
membrane75, 77. The average speed of the vesicle during transportation is 710 nms−178. Upon arrival at the actin cortex, the
vesicle is tethered to the actin cortex10. Here, myosin II seems to manage transport at and through the cortex79. Another study
has found that the actin cortex is able to regulate the passage of the AQP2 vesicle80. The phosphorylation at Serine 256 seems
to decrease the stability and therefore increase permeability of the actin cortex.
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Vesicle fusion is mediated by SNARE proteins Vesicle fusion is mediated by a complex array of molecular machinery. A
critical component are SNARE proteins81. SNARE components mediate fusion through spontaneous connection, one part of
the complex resides in the target membrane and acts as an adapter. The vesicle contains the remaining part of the complex that
connects to the adapter part, tethering it to the membrane. In the case of AQP2 vesicles, the fusion is accomplished by the
interaction of VAMP2 and VAMP382, 83 at the vesicle membrane and Syntaxin 384 as well as SNAP23 located in the apical
membrane85. The work of Donovan and Bretscher compiles a timeline for the exocytosis of secretory vesicles86. Vesicles
remained attached for 18 seconds before vesicle and target membrane were connected.

Vesicle transport at microtubules The transport from the membrane back to the perinuclear region is accomplished by
microtubules2 and dynein87. Rab11, potentially in complex with FIP388, mediates interaction with the dynein light intermediate
chain 1, creating a complex for directed transport to the centrosomal region. The speed of this movement is about 800 nms−189.
In current theory, early endosomes arise from the fusion of primary endocytotic vesicles (such as the AQP2 bearing vesicles)
while trafficking across the cell on microtubules to the perinuclear region90. The sorting and reconstitution of vesicle cargo is
an important step to be pondered. It was suggested that dephosphorylation of S256 occurs during vesicular routing91.

Simplifications and estimations Vesicles are triggered to leave the storage region after AQP2 concentration passes a
threshold. These vesicles will be attached to actin filaments75, 79, if they have the required myosin transporter complex in their
membrane and the vesicle is in close proximity to the actin filament. Subsequently, directed vesicle transport is initiated, leading
the vesicle along the actin filament. The filaments are generated using an adapted version of the filament growth algorithm
by92. After the vesicles traversed the distance from storage to apical membrane, they are tethered to the actin cortex76, 93.
The actin cortex was modeled by adding a thin volume-like agent in front of the membrane. Whenever a vesicle enters this
volume-like agent, its state changes, and it is allowed to diffuse throughout the area with reduced diffusivity. This process of
actin remodeling was not explicitly modeled. It would be interesting to inspect the actin cortex more closely, to evaluate the
possible connections of tropomyosin80, SRC kinase94 and Myosin-V10. The process requires the correct SNARE molecules to
be present in the apical membrane and the vesicle membrane81. The corresponding SNARE molecules form a complex, and the
vesicle is tethered to its current position at the membrane for an average of 18 seconds86. The completion of the fusion process
leads to the addition of the chemical entities from the vesicular membrane compartment to the apical membrane compartment.
After endocytosis, vesicles are propelled into the cytoplasm, where they attach to microtubules, if they are close enough and
contain the protein machinery to do so. Upon arrival in the centrosomal region, they detach from the actin filament. For the
purposes of this model, we omitted the sorting in early endosomes and recycling endosomes. We evaluated that this step is not
as crucial in the current model, since only one cargo molecule (AQP2) was modeled. Nevertheless, this would be an interesting
interface to evaluate the effect multiple cargo molecules and temporary storage compartments have on the recycling of vesicles.

As a spatial setup, we used a 23 x 15 grid with a width of 7.6 µm and a height of 5 µm. Two membranes were defined that
represent the apical cell membrane and a membrane separating a vesicular storage region. The system was initialized with total
14 vesicles in the storage region, 7 actin filaments and 14 microtubules. Two regions of restricted diffusion were defined for the
storage region and the cellular cortex close to the apical membrane. The system was simulated for a total of 60 minutes.

Supplementary Table 12. Recycling model modules

ID Type Features Evidence
M001 Reaction F001, F002 32,20

PKA activation: PKAR PKAC binding and phosphorylation
PKAC + AKAP CAMP PKAR AKAP CAMP P PKAC PKAR
PKAC + AKAP PKAR AKAP P PKAC PKAR
PKAC + AKAP CAMP CAMP PKAR AKAP CAMP CAMP P PKAC PKAR

M002 Reaction F003 33,20

PKA activation: PKAC PKAR release
AKAP CAMP CAMP P PKAC PKAR PKAC + AKAP CAMP CAMP P PKAR

M003 Reaction F004, F005 23

PKA activation: PKAR-P PKAC binding
PKAC + AKAP CAMP P PKAR AKAP CAMP P PKAC PKAR
PKAC + AKAP CAMP CAMP P PKAR AKAP CAMP CAMP P PKAC PKAR
PKAC + AKAP P PKAR AKAP P PKAC PKAR
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M004 Reaction F006, F007 23,21,22

PKA activation: PKAR CAMP pocket B binding
CAMP + AKAP PKAR AKAP CAMP PKAR
CAMP + AKAP P PKAR AKAP CAMP P PKAR
CAMP + AKAP P PKAC PKAR AKAP CAMP P PKAC PKAR

M005 Reaction F008, F007 23,21,22

PKA activation: PKAR CAMP pocket A binding and PKAC release
CAMP + AKAP CAMP P PKAC PKAR PKAC + AKAP CAMP CAMP P PKAR

M006 Reaction F008, F007 23,21,22

PKA activation: PKAR CAMP pocket A binding
CAMP + AKAP CAMP P PKAR AKAP CAMP CAMP P PKAR
CAMP + AKAP CAMP PKAR AKAP CAMP CAMP PKAR

M007 Reaction F009, F010 34,27,35,36

PKA phosphorylation: PKAC AQP2 binding
AQP2 + PKAC AQP2 PKAC

M008 Reaction F003 27,35,36

PKA phosphorylation: PKAC AQP2 phosphorylation and release
AQP2 PKAC AQP2 P + PKAC

M009 Reaction F009, F011 34,37,38

PKA phosphorylation: PKAC PDE4 binding
PDE + PKAC PDE PKAC

M010 Reaction F003 34,37,38

PKA phosphorylation: PKAC PDE4 phosphorylation and release
PDE PKAC P PDE + PKAC

M011 Reaction F012, F013 39,40,25

PP2B dephosphorylation: PP2B PKAR binding
AKAP CAMP CAMP P PKAR + PP2 B AKAP CAMP CAMP P PKAR PP2 B

M012 Reaction F014 41,40,25

PP2B dephosphorylation: PP2B PKAR dephosphorylation
AKAP CAMP CAMP P PKAR PP2 B PP2 B + AKAP CAMP CAMP PKAR

M013 Reaction F012, F013 39,40,18

PP2B dephosphorylation: PP2B AQP2-P binding
AQP2 P + PP2 B AQP2 P PP2 B

M014 Reaction F014 41,40,18

PP2B dephosphorylation: PP2B AQP2-P dephosphorylation
AQP2 P PP2 B PP2 B + AQP2

M015 Reaction F009, F010 65,70

Src phosphorylation: PKAC CSK binding
CSK + PKAC CSK PKAC

M016 Reaction F003 65,70

Src phosphorylation: PKAC CSK phosphorylation and release
CSK PKAC CSK P + PKAC

M017 Reaction F015, F016 71,67,72

Src phosphorylation: CSK SRC binding
SRC + CSK P CSK P SRC
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M018 Reaction F017 estimation
Src phosphorylation: dephosphorylation of CSK
CSK P CSK

M019 Reaction F018 71,67,72

Src phosphorylation: CSK SRC phosphorylation and release
CSK P SRC P SRC + CSK P

M020 Reaction F019 estimation
Src phosphorylation: dephosphorylation of SRC
P SRC SRC

M021 Reaction F020, F021 34,42

cAMP regulation: cAMP to AMP catalysis by PDE4
CAMP PDE AMP

M022 Reaction F022, F023 34,42

cAMP regulation: cAMP to AMP catalysis by PDE4-P

CAMP P PDE AMP

M023 Reaction F024 41,39,40

PKA phosphorylation: PDE4 dephosphorylation
P PDE PDE

M024 Reaction F025 43

cAMP regulation: cAMP influx active
CAMP

M025 Reaction F026 43

cAMP regulation: cAMP influx basal
CAMP

M026 Diffusion F027, F028, F029 37,50

cAMP cytoplasm diffusion

M027 LateralMembraneDiffusion F030, F031 58

lateral membrane diffusion

M028 VesicleConfinedDiffusion F032, F033 93,95

storage: prevent vesicles from leaving storage region

M029 VolumeLikeAgentContainment F032, F034, F033 95

storage: set state of endocytotic vesicles upon entering storage

M030 ConcentrationStateChange F035, F036, F037, F038 4,13,7

storage: trigger vesicle departure by aqp2 phosphorylation

M031 VesicleCytoplasmDiffusion 59,96

exocytosis: vesicle diffusion

M032 LineLikeAgentAttachment F039, F040, F041, F042 75

exocytosis: attach vesicle to actin filament

M033 VesicleTransport F043, F044 75

exocytosis: transport vesicle along actin filament

M034 VolumeLikeAgentContainment F045, F046, F047 79,10,80

exocytosis: confine tethered diffusion to cortex

M035 VesicleConfinedDiffusion F045, F047 79,10,80

exocytosis: vesicles entering cortex are tethered
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M036 VesicleFusion F048, F049, F050, F051, F052 86,82

exocytosis: vesicle fusion

M037 Reaction F053 69

endocytosis: clathrin release from vesicle surface
CLA

M038 EndocytoticPitAbsorption F054, F055, F056 68

endocytosis: pit cargo collection

M039 ClathrinMediatedEndocytosis F057, F058, F059, F060, F054, F061, F065, F066, F067 68,73

endocytosis: aqp2 vesicle endocytosis

M040 EndocytosisActinBoost F068, F069 69,73

endocytosis: aqp2 vesicle boost

M041 LineLikeAgentAttachment F070, F071, F072, F073 87

endocytosis: microtubule attachment

M042 VesicleTransport F074, F075 89,87

endocytosis: microtubule based transport

Supplementary Table 13. Recycling model quantitative parameters

ID Type Content Unit Evidence
F001 FirstOrderBackwardsRateConstant 3.0×10−4 1/s 20

PKAR releasing PKAC

F002 SecondOrderForwardsRateConstant 2.1 l/(s·µmol) 20

PKAR binding PKAC

F003 FirstOrderForwardsRateConstant 5.0×101 1/s 33

PKAC substrate release after conformation change

F004 FirstOrderBackwardsRateConstant 2.6×10−4 1/s 20

PKAR-P releasing PKAC

F005 SecondOrderForwardsRateConstant 3.8×10−2 l/(s·µmol) 20

PKAR-P binding PKAC

F006 FirstOrderBackwardsRateConstant 2.6×10−6 1/s 22,40

PKAR releases cAMP from pocket B

F007 SecondOrderForwardsRateConstant 1.0×10−2 l/(s·µmol) 21,40

cAMP binding to PKAR for both pockets A and B

F008 FirstOrderBackwardsRateConstant 6.3×10−2 1/s 22,40

PKAR releases cAMP from pocket A

F009 FirstOrderBackwardsRateConstant 7.7×10−2 1/s 35,36

PKAC substrate release

F010 SecondOrderForwardsRateConstant 1.5 l/(s·µmol) 35,36

PKAC AQP2 binding

F011 SecondOrderForwardsRateConstant 1.5 l/(s·µmol) 35,36

PKAC PDE4 binding

F012 FirstOrderBackwardsRateConstant 1.0×10−2 1/s 39,40

PP2B substrate release
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Supplementary Table 13. Recycling model quantitative parameters

ID Type Content Unit Evidence
F013 SecondOrderForwardsRateConstant 1.0×10−2 l/(s·µmol) 39,40

PP2B substrate binding

F014 FirstOrderForwardsRateConstant 5.0×10−1 1/s 41,40

PP2B substrate dephosphorylation and release

F015 FirstOrderBackwardsRateConstant 7.0×10−1 1/s 72

CSK substrate release

F016 SecondOrderForwardsRateConstant 1.0 l/(µmol·s) 72

CSK substrate binding

F017 FirstOrderForwardsRateConstant 2.0×10−1 1/s estimation
CSK dephosphorylation (constant)

F018 FirstOrderForwardsRateConstant 2.0 1/s 72

CSK substrate phosphorylation and release

F019 FirstOrderForwardsRateConstant 1.0×10−1 1/s estimation
SRC dephosphorylation (constant)

F020 MichaelisConstant 5.9 µmol/l 42

PDE4 affinity of cAMP

F021 TurnoverNumber 4.5×10−2 1/s 42

PDE4 turnover of cAMP

F022 MichaelisConstant 1.2 µmol/l 42

PDE4-P affinity of cAMP

F023 TurnoverNumber 2.3 1/s 42

PDE4-P turnover of cAMP

F024 FirstOrderForwardsRateConstant 1.0×10−1 1/s estimation
PDE dephosphorylation

F025 ZeroOrderForwardsRateConstant 3.0×10−1 µmol/(s·l) estimation
CAMP influx

F026 ZeroOrderForwardsRateConstant 2.0×10−2 µmol/(s·l) estimation
CAMP influx

F028 Ratio 1.0×10−3 52

reduced diffusion of cAMP in storage region

F038 Ratio 1.3 13

of AQP2-P to AQP2 on the vesicle surface, triggering exocytosis

F040 AttachmentDistance 5.0×10−2 µm 97

distance from the vesicle surface to the filament

F044 MotorMovementVelocity 7.1×10−1 µm/s 78

average velocity of myosin driven transport

F048 AttachmentDistance 5.0×10−2 µm 98

distance from the vesicle surface to fusion membrane

F051 FusionTime 1.8×101 s 86

average time per fusion event

20/41



Supplementary Table 13. Recycling model quantitative parameters

ID Type Content Unit Evidence
F052 SNAREFusionPairs 8.0 99

average number of snares involved in a fusion event

F053 ZeroOrderForwardsRateConstant 2.4×10−1 µmol/(s·l) 69

vesicle uncoating rate

F055 CargoAdditionRate 4.0×10−2 1/s estimation
rate at which relevant cargo is added to the pit

F058 VesicleRadius 5.0×10−2 µm 69

radius of AQP2 positive vesicles

F059 PitFormationRate 5.0×10−2 1/(s·µm²) 69

rate at which new pits form

F060 EndocytosisCheckpointTime 3.0×101 s 68

time after pit formation that determines if a pit matures

F062 InitialConcentration 2.7 µmol/l 69

of entity CLA in vesicle membrane

F063 InitialConcentration 2.2×10−1 µmol/l 74

of entity DYN in vesicle membrane

F064 InitialConcentration 4.5×10−1 µmol/l 75

of entity MYO in vesicle membrane

F066 EndocytosisCheckpointConcentration 2.9×101 µmol/l 68

a pit matures, if this concentration is reached

F067 MaturationTime 7.0×101 s 68

the average time of the endocytotic maturation process

F069 ActinBoostVelocity 5.0×10−2 µm/s 69

the average velocity of the anterograde displacement after endocytosis

F071 AttachmentDistance 7.0×10−2 µm 100,97

distance from the vesicle surface to the filament

F075 MotorMovementVelocity 8.0×10−1 µm/s 89

average velocity of dynein driven transport

F076 MembraneDiffusivity 4.3 µm²/s 57,58

lateral diffusivity of membrane bound entities

F077 ConcentrationDiffusivity 3.2×101 µm²/s 50

cAMP diffusivity in cytoplasm

F078 PixelDiffusivity 1.5×10−6 µm²/s 59,60

diffusivity of macroscopic entities

F079 InitialConcentration 2.0×10−1 µmol/l 42

of entity CAMP in cytoplasm

F080 InitialConcentration 1.0×10−1 µmol/l 42

of entity CAMP in cytoplasm

F081 InitialConcentration 1.0×10−1 µmol/l 42

of entity CAMP in cytoplasm
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Supplementary Table 13. Recycling model quantitative parameters

ID Type Content Unit Evidence
F082 InitialConcentration 2.0×10−1 µmol/l 24

of entity AKAP-P-PKAC-PKAR in vesicle membrane

F083 InitialConcentration 2.0 µmol/l 24

of entity AKAP-P-PKAR in vesicle membrane

F084 InitialConcentration 1.5×10−1 µmol/l 42

of entity PDE in vesicle membrane

F085 InitialConcentration 1.5×10−1 µmol/l estimation
of entity P-PDE in vesicle membrane

F086 InitialConcentration 2.0×10−1 µmol/l estimation
of entity PP2B in vesicle membrane

F087 InitialConcentration 2.0×101 µmol/l 28,13

of entity AQP2 in vesicle membrane

F088 InitialConcentration 9.8 µmol/l 28,13

of entity AQP2-P in vesicle membrane

F089 InitialConcentration 6.7×10−1 µmol/l 101

of entity VAMP2 in vesicle membrane

F090 InitialConcentration 1.0×10−1 µmol/l 24

of entity AKAP-P-PKAC-PKAR in apical plasma membrane

F091 InitialConcentration 1.0 µmol/l 24

of entity AKAP-P-PKAR in apical plasma membrane

F092 InitialConcentration 5.0×10−2 µmol/l 42

of entity PDE in apical plasma membrane

F093 InitialConcentration 2.5×10−2 µmol/l estimation
of entity P-PDE in apical plasma membrane

F094 InitialConcentration 1.0×10−1 µmol/l estimation
of entity PP2B in apical plasma membrane

F095 InitialConcentration 1.4×101 µmol/l 28,44

of entity AQP2-P in apical plasma membrane

F096 InitialConcentration 1.0 µmol/l 85

of entity SNAP23-STX3 in apical plasma membrane

F097 InitialConcentration 1.0×10−1 µmol/l estimation
of entity SRC in apical plasma membrane

F098 InitialConcentration 1.0×10−1 µmol/l estimation
of entity P-SRC in apical plasma membrane

F099 InitialConcentration 2.0×10−1 µmol/l estimation
of entity CSK in apical plasma membrane
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Supplementary Table 14. Recycling model qualitative parameters

ID Type Content Evidence
F027 Cargoes [CAMP] estimation

entities that are subject to diffusion

F029 AffectedSection cytoplasm estimation
section that is affected by diffusion

F030 Cargoes all membrane bound entities estimation
entities affected by lateral membrane diffusion

F031 AffectedRegion apical inner plasma membrane (GO:0016324) estimation
region affected by lateral membrane diffusion

F032 AppliedVesicleState STORAGE estimation
vesicle state set, if conditions are met

F033 ContainmentRegion perinuclear region of cytoplasm (GO:0048471) 13,27

region, where vesicles are contained during storage

F034 BlackListVesicleStates [MICROTUBULE, ACTIN, EXOCYTOSIS] estimation
vesicles in these states are ignored during module execution

F035 AppliedVesicleState EXOCYTOSIS estimation
vesicle state set, if conditions are met

F036 Cargoes [AQP2-P, AQP2] 13

entities that regulate the departure of the vesicle from the storage region

F037 RequiredVesicleState STORAGE estimation
vesicle state set, if conditions are met

F039 AttachedFilament ACTIN 75

agent that facilitates movement

F041 AttachedMotor MYO 75

entity that facilitates movement

F042 MotorPullDirection + 75

direction of the vesicle movement relative to the filament

F043 AppliedVesicleState ACTIN estimation
vesicle state set, if conditions are met

F045 AppliedVesicleState TETHERED estimation
vesicle state set, if conditions are met

F046 BlackListVesicleStates [TETHERED, PROPELLED, FUSION] estimation
vesicles in these states are ignored during module execution

F047 ContainmentRegion fusion (GO:0005938) 93,80

region, where vesicles are tethered before fusion

F049 MatchingQSnares [SNAP23-STX3] 85,84

required snares in membrane

F050 MatchingRSnares [VAMP2] 82,83

required snares in vesicle

F054 Cargoes all entities part of the signalosome estimation
other cargoes
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Supplementary Table 14. Recycling model qualitative parameters

ID Type Content Evidence
F056 ScalingEntities [SRC, P-SRC] estimation

the entities that influence cargo addition rate

F057 PrimaryCargoes all entities in complex with AQP2 62

the entities that are the relevant cargo for this vesicle

F061 InitialConcentrations F062, F063, F064 estimation
F065 AffectedRegion apical inner plasma membrane (GO:0016324) estimation

region where endocytotic pits are able to from

F068 BoostMediatingEntity CLA estimation
the entity the determines if a vesicle is displaced and how fast

F070 AttachedFilament MICROTUBULE 2

agent that facilitates movement

F072 AttachedMotor DYN 87

entity that facilitates movement

F073 MotorPullDirection - 87

direction of the vesicle movement relative to the filament

F074 AppliedVesicleState MICROTUBULE estimation
vesicle state set, if conditions are met
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Supplementary Table 15. Aquaporin 2 concentration estimation. Literature values were used to estimate the
number/concentration of AQP2 molecules in the apical and vesicle membrane in the inactive and active state of the cell.

Value Inactive state Active state Unit Evidence
total membrane permeability 0.0095 0.0226 cm/s 44

permeability of a single monomer 3.3 ×10−14 cm3/s 28

AQP2 monomers in the membrane 2879 6848 monomers/µm2

total vesicle permeability 0.03 cm/s 28

AQP2 monomers per vesicle surface 9091 monomers/µm2

radius vesicle 0.05 µm
surface vesicle 0.03 µm2

AQP2 monomers per vesicle 650 monomers 28

nodes 15
node scale 0.33 µm
membrane area per node 0.11 µm2

total simulation area 1.66 µm2

AQP2 monomers in membrane 4797.98 11414.14 monomers
number of vesicles 7.38 17.56 vesicles
monomers from inactive to active 6616 monomers
fusions from inactive to active 10.18 vesicles
total apical surface area 360 µm2 102

fraction of simulation 216 times
total AQP2 in membrane 1.04×106 2.47×106 monomers
total number of vesicles 1594.41 3793.01 vesicles
monomers from inactive to active 1.43×106 monomers
vesicles from inactive to active 2198.60 vesicles
Concentration in membrane node
volume per node 0.0370 µm3

[AQP2] node 5.31×10−22 1.26×10−21 mol
[AQP2] node 14.34 34.12 µmol/l
membrane proteins per surface 50.000 1/µm2 103

fraction of aquaporin of total 5.76 13.70 %
Concentration in vesicle
[AQP2] vesicle 1.08×10−21 mol
[AQP2] vesicle 29.14 µmol/l
fraction of aquaporin of total 41.38 %
[AQP2-P] fold increase 2.00 5

phosphorylation ratio (AQP2-P/AQP2) 0.46 1.70 13

[AQP2] vesicle 19.96 10.78 µmol/l
[AQP2-P] vesicle 9.18 18.36 µmol/l
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Supplementary Table 16. Description of the modification operations and their applied implicit conditions The entities
row describes whether candidates are evaluated during network generation or if predefined entities are used. The conditions
row describes implicit filter criteria that are used to determine if an entity is a candidate. The modifications row describes the
creation and modification of the candidate graphs to get to the product graphs.

BIND
entities primary secondary

conditions has primary entity
has unoccupied binding site for secondary

secondary entity
has unoccupied binding site for primary

modifications create new graph from copy of first and second candidate
determine nodes with unoccupied binding sites in both candidates
add edge between previously determined nodes

ADD
entities primary static

conditions has pr<imary entity
has unoccupied binding site for static

predefined

modifications create new graph from copy of first and static candidate
determine nodes with unoccupied binding sites in both candidates
add edge between previously determined nodes

RELEASE
entities primary static

conditions has primary entity
has secondary entity
has occupied binding site for static

predefined

modifications create two new graphs from copy of candidate
remove edge for binding site
from one graph remove subgraph including the primary entity
from one graph remove subgraph including the secondary entity

REMOVE
entities primary static

conditions has primary entity
has secondary entity
has occupied binding site for static

predefined

modifications create new graph from copy of candidate
remove edge for binding site
remove nodes that are in one subgraph with the static entity

27/41



3 Supplementary Figures
Supplementary Figure 1: Model Overview The next page contains an overview of the processes and reactions in SBGN
notation (Process Description). Microscale and reaction based processes and entities are colored blue, whereas macroscopic
and agent based processes and entities are colored green. Chemical entities are annotated with a state that indicates whether the
entity is membrane-bound (m) or in the cytoplasm (c). Phosphorylation of chemical entities is annotated with a lowercase "p".
Agent-based entities are annotated with the agent state. The two binding sites of PKAR are annotated with A and B. Movement
of chemical entities or vesicles is indicated as a perturbing agent (depicted by a modified hexagonal shape having two opposite
concave face). The direction of the movement is annotated to the agent. Compartments are indicated with large rectangles with
rounded corners. Contextually, entities and processes are grouped to their respective context in the AQP2 recycling pathway.
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Supplementary Algorithm 1: Reaction network generation. Process reaction chains that are generated from reaction
rules. Assigns possible binding sites to complex entities. Furthermore, generates possible individual reactions from
reaction chains. Repeats until no new reactions are generated.

Input: All reaction chains C, All initial simple chemical entities E
▷ determine possible binding sites

1 B : E 7→ S∗, a mapping for each chemical entity e to a set of binding sites S ∈ S∗
2 foreach reaction chain C in the set of reaction chains C do
3 foreach basic reactor c in the reaction chains C do
4 if c involves binding site s in conjunction with e then
5 add s to B for entity e

▷ create initial chemical entities
6 foreach entity e in the set entites E do
7 S← the set of binding sites associated to e from B
8 G← a new graph representing the complex entity e
9 add e as a node to G

10 foreach binding site s in the set binding sites S do
11 add s to e

▷ generate reactions
12 stable← false
13 repeat
14 np← previous number of reactions

▷ process each reaction chain
15 foreach reaction chain C in the set of reaction chains C do
16 T ← a new, empty set of reaction stacks
17 foreach basic reactor c in the reaction chains C do
18 collect candidate entites that pass all filters
19 apply the specified reaction
20 foreach possible reaction r, consisting of substrates s and products p do
21 if no track t ∈ T has top most element equal to s then
22 create a new track t
23 push s to track t
24 push p to track t

25 else
26 push p to track t

27 candidate entities← all distinct products from all reactions

28 nc← current number of reactions
29 if np = nc then
30 stable← true

31 until stable

31/41



Supplementary Algorithm 2: Collision detection and position updates. Sphere-like agents are moved if they do not
collide with other sphere-like agents, membrane segments, or the simulation border.

Input: all sphere-like agents A, all membranes M, the simulation extend Lx and Ly
1 foreach sphere-like agent a in the set of sphere-like agents A do

▷ determine positions for tn+1

2 pn+1
a = pn

a +∑m∈M ∆p∆t
a

3 foreach sphere-like agent a1 in the set of sphere-like agents V do
▷ check collision with other sphere-like agents

4 r1 ← radius r of a1
5 foreach sphere-like agent a2 in the set of sphere-like agents A do
6 if a1 ̸= a2 then
7 r2 ← radius r of a2

8 d← dR(pn+1
a1

, pn+1
a2

) ▷ distance between both agents

9 if d < r1 + r2 then
▷ radii of both agents intersect

10 pn+1
a1
← pn

a1

11 break

▷ check collision with membrane segments m
12 foreach membrane segment m in in membrane M do
13 la← pn+1

a1
− pn

a1
▷ line segment between pn+1

a−1 and pn
a1

14 lm← mend−mstart ▷ membrane segment between points mstart and mend

15 ia← (mstart − pa1
t )× lm

la×lm
16 im← (pa1

t −mstart)× la
la×lm

17 if (lm× la ̸= 0)∧ (0≤ ia ≤ 1)∧ (0≤ im ≤ 1) then
▷ constructed line segments intersect

18 pn+1
a1
← pn

a1

19 break

▷ check collision with simulation border

20 xp← pn+1
a1

x
21 yp← pn+1

a1
y

22 if (0≤ xp ≤ Lx)∧ (0≤ yp ≤ Ly) then
▷ no collisions detected, keep new position

23 else
▷ outside of the simulation box

24 pn+1
a1
← pn

a1
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Supplementary Algorithm 3: Vesicle indexing and surface area assignment. Determines whether a sphere intersects
with the spatial representation of a grid point and calculates the surface area that is considered inside each box.

Input: all vesicles V , All grid points Ω

1 foreach vesicle v in the set of vesicles V do
2 foreach grid point (x,y) in set of grid points Ω do
3 R← (x− ∆s

2 ,y− ∆s
2 ),(x− ∆s

2 ,y+ ∆s
2 ),(x+ ∆s

2 ,y+ ∆s
2 ),(x+ ∆s

2 ,y− ∆s
2 )

4 if vesicle position pv is inside R then
5 foreach vertex q in rectangle R do
6 calculate distance d(p,q) between vesicle v and vertex q
7 if distance d(p,q)< vesicle radius rv then

▷ the sphere intersects four polygons
8 calculate projection p(q,v) of q onto sphere surface of v
9 determine vertical intersections qN ,qS← (qx, p(q,v)y,0)

10 determine horizontal intersections qE ,qW ← (p(q,v)x,qy,0)
11 determine top intersection qT ← (qx,qy, p(q,v)z)
12 setup spherical triangle TNE for qN ,qE ,qT
13 setup spherical triangle TNW for qN ,qW ,qT
14 setup spherical triangle TSE for qS,qE ,qT
15 setup spherical triangle TSW for qS,qW ,qT
16 calculate surfaces of the spherical trianges
17 associate surface areas with respective grid points to v
18 continue with next vesicle

▷ (else) check if c intersects with exactly two regions
19 calculate total surface of sphere sv
20 foreach edge e in R do
21 calculate intersections I between vesicle v and edge e
22 if |I|= 2 then
23 calculate height h of the sphere cap defined by i1, i2 ∈ I
24 calculate surface scap of the sphere cap
25 associate surface area sv− scap to current grid point
26 associate surface area scap to neighboring grid point
27 continue with next vesicle

▷ (else) vesicle is fully contained
28 associate surface area sv to current grid point
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Supplementary Algorithm 4: Clathrin-mediated endocytosis. Random pits are initiated at membrane segments. If
threshold concentrations are reached, vesicle undergo a maturation phase before movable vesicles are created in their
place.

1 P×a pits that are marked for assembly
2 Pa pits that currently assembling
3 P×m pits that are marked for maturation
4 Pm pits that currently maturing
5 P×c pits that are marked for cancellation
6 P×d pits that are turned into departing vesicles

▷ Determine if new aspiring pits will form during this time interval.
7 foreach membrane segment m in in membrane M do
8 lm← (xi,yi),(xi+1,yi+1) ▷ the line segment associated to m
9 am←∥lm∥ ·∆s ▷ the mebrane area assigned to m

10 P(m) = kp ·am ·∆t
11 ξ is an evenly distributed random value between 0 and 1
12 if ξ ≤ P(m) then
13 create new pit p
14 assign random spawn site on membrane segment m to pit p
15 assign pit radius to pit p
16 assign checkpoint time t + tc to pit p
17 move pit to P×a

▷ check checkpoints for assembling pits
18 foreach pit pa in Pa do

▷ sum concentrations of relevant cargo
19 if cargo concentration of pa ≥ threshod concentration then
20 move pa to P×m
21 if checkpoint time of pa ≤ current simulation time then
22 move pa to P×c

▷ check if maturing pits are ready for departure
23 foreach pit pm in Pm do
24 if target maturation time ≤ current simulation time then
25 move pm to P×d

▷ apply changes
26 if timestep was accepted then
27 foreach pit pa in P×a do
28 move pa to Pa

29 foreach pit pm in P×m do
30 move pm to Pm

31 foreach pit pd in P×d do
32 create vesicle at pit spawn site
33 move concentrations from pit to vesicle

34 clear P×c
35 else
36 clear P×a , clear P×m , clear P×d
37 foreach pit pd in P×d do
38 move pd back to Pm

39 foreach pit pc in P×c do
40 move pc back to Pm
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Supplementary Algorithm 5: Vesicle fusion. If a vesicle comes close to a membrane segment, availability of the
correct SNARE molecules is determined. After the vesicle is tethered to the membrane for a certain amount of time,
the vesicle is removed and chemical entities move to the target membrane segment.

1 V×t vesicles that are marked for tethering
2 Vt vesicles that are currently tethered
3 V×f vesicles that are marked for fusion

▷ check targeted fusion times
4 foreach vesicle vt in Vt do
5 if target fusion time ≤ current simulation time then
6 move vt to V×f

▷ check whether new vesicle can start fusion
7 foreach vesicle v in V do
8 if vesicle is not in an fusion ready state then
9 continue with next vesicle

10 M← membrane segments referenced to associated nodes of v
11 foreach membrane segment m in M do

▷ check distance
12 dmv← distance between membrane segment m and vesicle v
13 if dmv ≤ da then
14 nm← number of molecules of Q-SNARES in the target membrane
15 nv← number of molecules of R-SNAES in the vesicle membrane
16 if nm ≥ np and nv ≥ np then
17 move v to V×t
18 continue with next vesicle

▷ apply changes
19 if timestep was accepted then
20 foreach vesicle v f in V×f do
21 add all chemical enitites in vesicle membrane to target membrane
22 add all cargo molecules to compartment opposite of the membrane

23 clear V×f
24 foreach vesicle vt in V×t do
25 determine targeted fusion time of vh by adding t f to current time
26 add np complexes of Q- and R-SNARES to target membrane
27 remove np entities of Q- and R-SNARES from vesicle membrane
28 move vh to Vt
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Supplementary Algorithm 6: Sphere-like agent movement along line-like agents defined by a target direction.
Input: An sphere-like agent SLA attachted to a line-like agent LLA
Output: The displacement ∆p∆t

SLA of SLA
1 pi

LLA← the position of the line-like agent’s segment i the vesicle is attached to
2 pSLA← the position of the sphere-like agent
3 if target direction = MINUS then
4 if pi

LLA = p0
LLA then

▷ this is the first segment

5 return ∆p∆t
SLA← (0,0)

6 else

7 û← pi−1
LLA−pSLA

∥pi−1
LLA−pSLA∥

8 else
9 if pi

LLA = pn
LLA then

▷ this is the last segment

10 return ∆p∆t
SLA← (0,0)

11 else

12 û← pi+1
LLA−pSLA

∥pi+1
LLA−pSLA∥

13 return ∆p∆t
SLA← vm · û
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