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Abstract

The Endoplasmic Reticulum (ER), the largest cellular compartment, harbours the machinery
for the biogenesis of secretory proteins, lipids, calcium storage/mobilisation and detoxification.
It is shaped as layered membranous sheets interconnected with a network of tubules extending
throughout the cell. Understanding the influence of the ER morphology dynamics on molecular
transport may offer clues to rationalising neuro-pathologies caused by ER morphogen mutations.
It remains unclear, however, how the ER facilitates its intra-luminal mobility and homogenises its
content, and the minuscule spatial and temporal scales relevant to the ER nanofluidics limit empir-
ical studies. To surmount this barrier, here we exploit the principles of viscous fluid dynamics to
generate a theoretical physical model emulating in-silico the content motion in actively contracting
nanoscopic tubular networks. The computational model reveals the luminal particle speeds, and
their impact in facilitating active transport, of the active contractile behaviour of the different ER
components along various time-space parameters. The results of the model indicate that repro-
ducing transport with velocities similar to those reported experimentally in single particle tracking
would require unrealistically high values of tubule contraction site length and rate. Considering
further nanofluidic scenarios, we show that width contractions of the ER’s flat domains (perinu-
clear sheets) generate fast-decaying flows with only a short-range effect on luminal transport. Only
contraction of peripheral sheets can reproduce experimental measurements, provided they are able

to contract fast enough.
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I. INTRODUCTION

The mammalian endoplasmic reticulum (ER) is the single largest intracellular structure
(see sketch in Fig. 1a). The organelle is made up of membranous sheets interconnected
with the nuclear envelope and branching out into a planar network of tubules extending
throughout the cell periphery (Fig. 1b) [1]. The ER dynamics on a second scale include the
cytoskeleton-assisted tubular network restructuring [2, 3] and an interconversion between
two distinct forms, including a narrower form covered by membrane curvature-promoting
proteins [4]. The ER morphology and its dynamics presumably enable and facilitate its
functions: the ER is responsible for the production, maturation and quality-controlled fold-
ing of secretory and membrane proteins, which constitute approximately a third of the cell’s
proteome [5]. The organelle’s membranes also harbour the lipid biosynthesis machinery,
while its lumen stores calcium. The contiguous nature of the ER is believed to ensure an

efficient delivery of all these components across the cell periphery.

Timely transport of the content within the ER is therefore integral to the function of
the cell. The geometry and dimensions of several cell types with extensive ER-containing
projections (e.g. neurons and strocytes) pose a kinetic challenge for material distribution
with physiological timing. These considerations predict the need for an active luminal
transport to ensure timely material homogenisation across the vast ER. Empirically, the
active nature of the ER luminal transport is supported by the sensitivity of GFP mobility
(measured by FRAP) to ATP depletion [6, 7]. Thus past measurements indicate that the
transport of proteins in ER is not consistent with Brownian motion [6, 8]. Using single
particle tracking of ER luminal markers, an active solute transport in the planar ER network
was observed directly [7]. A photoactivation chase technique also measured a superdiffusive

behaviour of luminal material spread through the ER network [9].

However, the mechanism for generating ER luminal flows remains unclear. Understand-
ing the mode of material exchange across the organelle is crucial for rationalising the ER
shaping defects-related neuronal pathologies [10], identifying factors controlling ER trans-
port and informing the development of ER transport modulation approaches with health
benefits. Based on ER marker velocity fluctuations measured in single particle tracking and
the detection of transient narrowing points in the tubules by improved super-resolution and

electron microscopy (EM) [7], it has been postulated that these active flows may result from
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the stochastic contractility (pinching and un-pinching) of ER tubules at specific locations
along their lengths (see sketch in Fig. le); other plausible mechanisms for flow generation
were also considered. However, measurements for testing this pinching hypothesis are cur-
rently inaccessible, due to limitations in space-time resolution of live cell microscopy; the
live cell-compatible super-resolution techniques achieve resolution of ~80 nm at the relevant
speed, while the tubular radius is estimated in the range 30 —60 nm [9, 11, 12]. Improvement
or resolution currently can only be achieved by trading off speed. To circumvent these ex-
perimental difficulties, in the current study we use mathematical modelling to quantitatively
analyse the relevant scenarios of actively contractility-driven flows. Specifically, we explore
how various sets of spatio-temporal parameters of ER contractility may produce flows facil-

itating solute transport in quantitative agreement with experimental measurements.

Specifically, assuming that the flow is driven by tubule contractions (shown schematically
in Fig. le), we construct a physical and mathematical model of the ER network and solve
it for the flows inside the network (description in Methods §1V). We use our model to carry
out numerical simulations to study the motion of Brownian particles carried by these flows
and show that the tubule pinching hypothesis is not supported by the results of our model
(§ITA), a result independent of the network geometry (§I1 B). The failure of active pinching
to drive strong flows can be rationalised theoretically by deriving a rigorous upper-bound
on the rate of transport induced by a single pinch, (§II C), including possible coordination
mechanisms (§I11D). Only by increasing both the length of pinches and their rate can beyond
admissible values can we produce particle speeds in agreement with measurements (§I1E).
We then explore in §IT F two different hypotheses as possible explanations for the active ER
flows, first the pinching of the junctions between tubules (Fig. 1c¢) and then the pinching of
the two types of ER sheets, perinuclear (Fig. 1f) and peripheral (Fig. 1d). We investigate
the conditions under which both would be consistent with the experimental measurements

of active transport in Ref. [7].

The question of how the endoplasmic reticulum homogenises its content across cell ex-
panses is an open problem which extends to the fundamentals of cell biology. Even though it
is highly debated in the field, it is extremely difficult to study due to the enormous technical
limits of directly observing intraorganellar nanofluidics. Thus, our study represents a mean-
ingful effort to break through this impasse by conducting a meticulous analysis of nanofluidic

scenarios. The findings we present constitute the best currently possible endeavor to shed
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light on this challenging problem. Our results do suggest that the biological origin of solute
transport in ER networks remains open and call for extensive empirical exploration of the

alternative mechanisms for flow generation.

II. RESULTS

A. Tubule contractility-driven ER luminal motion yields inadequate transport

kinetics

To assess the kinetics of particle motion in the lumen of tubular structures in response
to their contractility, we generated an in-silico simulation model of the process. The model
incorporates local calculations for the low-Reynolds number hydrodynamics of a contracting
tubule, assuming in the first instance the no-slip boundary conditions at the tubule walls
(i.e. Poiseuille hydrodynamics), into a global analysis using Kirchhoff’s Laws and standard
graph theoretical results of the flows throughout the network geometry (see Methods §IV
for details).

We initially implemented the model’s numerical simulations of particle transport in a
reconstructed ER network of a COS-7 cell [7] (which we label CO, see §IV A) with tubules
locally contracting stochastically according to the spatiotemporal parameters suggested by
microscopy measurements [7]. We will therein refer to these contractions, illustrated in
Fig. le, as ‘pinching’, with relevant parameters that include the duration and frequency of
pinch events, and the length that the pinch sites occupy along the tubule (for details of the
pinching kinematics, see Methods §IV B). An estimate reveals that these pinches are indeed
afforded by biologically realistic forces, of the order of 30 pN (see Methods §IV G).

The fluid flows in the edges of the network (model in §IV C computed as detailed in
§IV D) reveal a rapid direction alternation of luminal currents (on average with a frequency
of approximately 50 Hz), as reflected in the changes of the axial velocity sign (Fig. 2a),
with an average flow speed of 1.3 pm/s (see also Supplementary Video S1). Further, the
resulting instantaneous speed distribution of Brownian particles advected by these flows
(methodology in §IV E) is considerably shifted relative to the experimental counterpart [7]
towards lower values (Fig. 2b). Similarly, the distribution of average edge traversal speeds

(defined precisely in §IVF) from our simulations (solid blue line in Fig. 2c) is lower than
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the experimentally measured speed distribution by an order of magnitude (Fig. 2¢c, inset).

Moreover, the results for all measures of transport under pure diffusion, in the absence
of pinching-induced flows, were virtually indistinguishable from those where the pinching-
driven flows are included (see Fig. 2b-c). Within the framework of transport theory, this
conclusion can be rationalised by estimating the relevant Péclet numbers that measure the
relative importance of advection and diffusion. Using the average value U ~ 1.3 pm/s of the
mean flow speeds over time and edges as a velocity scale, we may estimate a mean Péclet
number as Pe ~ UR/D. Using R = 30 nm and the measured diffusivity D ~ 0.6 pm?s~! [7],
this leads to the estimate Pe ~ 0.07. Flows affect transport for Péclet numbers above
order-one values [13], and therefore the pinching-driven flows have a negligible influence on
the transport inside the ER network. In order for fluid motion to have a noticeable effect,
one would thus need flows to be either stronger, or sustained in one direction for longer.
The chaotic flows produced by the pinching events with stochastic parameters suggested
by resolution-limited microscopy [7] appear too weak to generate fast, non-diffusive edge
traversals.

Importantly, our conclusions remain unchanged upon relaxing the no-slip boundary con-
ditions, an important point to consider since the tubule membranes themselves could be
moving in response to the nanoscale fluid flow. This can be modelled by introducing a finite
slip boundary condition to couple the membrane-bound lipids with luminal flows (see Meth-
ods §IV G for details). Our simulations show that slip boundary conditions have virtually
no effect on the average edge traversal speeds (Supplementary Fig. 12a). Physically, while a
non-zero wall slip does change the shape of the flow profiles in the tubules (Supplementary
Fig. 12b), it does not modify the mean flow speeds which directly affect global particle trans-
port. These results justify our use of Poiseuille hydrodynamics (no-slip boundary conditions)

throughout this work.

B. Tubule pinching-induced transport is network geometry independent and fails

to facilitate luminal homogenisation

To estimate the network geometry’s contribution to transport simulation outcomes, we
compared results across four different ER structures (C1-C4, Fig. S8). The distributions

of the average edge traversal speeds appeared insensitive to ER structure variations for
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both pinching-induced and exclusively diffusional transport. This is reflected in the small
deviations from the mean of the data points averaged across the different structures (Fig. 2d-
e). Further, pinching-induced flows inside a regular honeycomb network (Fig. 2f, inset) with
a typical ER edge length (1 ym) appears within a reasonable variance compared to the
natural networks. Therefore, this mathematical idealisation of the ER network geometry
can be used for exploring the consequences of the network ultrastructure contractility on
transport kinetics in a standardised manner.

To test the effectiveness of the particle velocities for facilitating luminal material exchange
across the ER, we tracked homogenisation kinetics by measuring intermixing of particles of
two distinct colours equally seeded in each half of a honeycomb network at ¢ = 0 (Fig. 3;
see also Supplementary Video S2 for the flows inside such a network driven by pinches
with the parameters from [7]). The measure of homogenisation is given by the variance
Var(¢(t)) = Var(ny(t) — n,(t)) over twenty regions of the network (Fig. 3a, horizontal lines)
of the difference between the numbers n; (blue) and n, (red) of particles of each colour in
region; note Var = 0 represents perfect homogeneity. The measures of mixing over time for
pure diffusion and active transport with parameters [7] from Fig. 2 show a nearly complete
overlap (Fig. 3e; see also Supplementary Videos S3 and S4), distinct from faster mixing
under stronger flows in a network driven by pinches whose lengths are increased to their
maximum possible value (i.e. the length of the tubule) and which are in addition sped up
by a factor of 10 (see Supplementary Video S5; see also §II E for a discussion of the effects
of artificially strong pinch parameters on average edge traversal speeds). This indicates
that even if the experimental particle speeds were overestimated, the presumed pinching

parameters would be inadequate to facilitate ER luminal material exchange.

C. Theoretical analysis of advection due to a single pinch explains weak pinching-

induced transport

The slow luminal transport driven by the pinching-induced flows is intrinsically linked to
the volume of fluid expelled by each pinch during a contraction. The fundamental reason
underlying the weak pinching-induced transport is that individual pinches are very weak
generator of flow; even in the best possible configuration, the volumes of fluid pushed by

each pinch are too small to impact luminal transport. Specifically, in Methods (§1V J 1),
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we mathematically show that, given a pinch of length 2L, the maximum distance Az a

suspended particle may be advected instantaneously by an individual pinch is
8
Azmax = §L (1)

Using the experimentally-measured average value of the pinch length 2L = 0.14 pm [7], a
typical pinch can then propel a particle by a maximum distance of Az &= 0.19 pm.

This may, equivalently, be framed in terms of velocities. A transported particle experi-
ences an average velocity during the contraction of at most V. = 8L /3T, where T is the
duration of a contraction or a relaxation. Using the pinch length as above and the average
values of 27" = 0.213 s [7] this leads to the estimate Vi,ax &~ 3.9 pm/s, which is an order of
magnitude smaller than the measured typical edge traversal speed of ~ 45 pm/s, consistent
with the order of magnitude difference between the measurements and the predictions of the
computational model.

Note that this theoretical argument relies solely on the magnitude of fluid volumes ex-
pelled out of (or driven into) the pinching regions. These volumes are unaffected by the
boundary conditions at the tubule walls because the presence of a non-zero slip length only
changes the shape of the flow profile and not the volume fluxes (see Supplementary Fig. 12);

any potential slip is thus is inconsequential for averaged measures of particle transport.

D. Marginal addition of coordinated contractility to luminal transport

The theoretical upper bound in the previous section for the maximum luminal transport
produceable by an individual pinch is realisable only in the hypothetical situation where
the flow generated by the pinch is all directed to one end of the tubule i.e. when the other
end is effectively blocked. However, content transport produced during the contraction of a
single tubule would then be reversed when the tubule relaxes back to its original state, with
a single pinch site expected to exhibit only reciprocal (i.e. time-reversible) motions. Any
advection contributing to edge traversals must thus be dominated by non-reciprocal motions
of multiple pinches resulting in net displacements of solute particles.

The simplest system capable of producing non-reciprocal motions consists of two pinches,
and the optimal sequence of motions to maximise the resulting advective particle displace-

ment is illustrated in Fig. 5. We show in Methods (§IV J2) that this is indeed the optimal
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two-pinch coordination, which results in a time-averaged displacement equal to the upper
bound derived in Eq. (1). Since this optimal sequence of motions involves one pinch site
starting a pinch halfway through the pinching of the other site, it is reasonable to estimate
its duration as 37", and therefore an average particle speed of 8L/9T ~ 1.3 pm/s. The low
particle speed achievable by the optimal coordination between two pinches suggests that a
very high level of coordination among multiple tens of pinches per tubule would be required

to reproduce the measured edge traversals.

E. A combination of high frequency and pinch length is required to replicate

experimental particle speeds

Since the magnitude of ER contractility suggested by microscopy [7] (pinch lengths and
frequency) do not explain the measured speeds, we set out to explore different sets of param-
eters that may generate particle velocities closer to the experimental measurements. The
currently achievable imaging spatiotemporal resolution limits the detection of tubular diam-
eter contractility by microscopy. Therefore, it is reasonable to postulate that the relevant
parameters may have been underestimated. We simulated ER transport varying individually
or in combination the values of pinch duration 27, waiting time T),,;; between successive
pinches on a tubule, and pinch length 2L.

We first decreased both the original [7] values of T and T,.; by the same factor of
1/a, where o > 1, and simulated particle transport in the honeycomb network (Fig. 4a).
In effect, this simply ‘fast-forwards’ the flows in the original active network by a factor
of a, and Brownian particles of the original diffusivity are released into this sped-up flow.
Instantaneous and edge traversal speeds exhibited corresponding increases when we increased
the value of a (Fig. 4a). An extreme value of & = 100 produces an average edge traversal
speed distribution that peaks at around 8 nm/s (Fig. 4a). Similar results are observed
in the CO network from a COS-7 cell (Fig. 4b). The longer tails of these distributions
(compared to those from the honeycomb network) result from the variation in edge lengths
in the real network, with shorter edges, across which edge traversals are correspondingly
fast, contributing to the tails.

These results suggest that, in order to produce average edge traversal speeds of the same

order as the experimental values, we would need an active network sped up by a unrealistic
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factors considerably greater than 100, probably on the order of o ~ O(10%) or higher and
corresponding to multiple thousands of pinches occurring on average per second on each
tubule. Similarly, it took an extreme increase in pinch site size to span the entire length of
an average tubule, only to yield an average speed of ~ 10 pm/s (Fig. 4d).

Next, we attempted to obtain a better fit to experimental data by combining changes
in both the pinches’ time and geometry parameters. In Fig. 4e-f we thus sped up these
maximally long pinches by a factor of a = 5 and 10 respectively, which yielded speeds
averaging around 30 pm/s and above 60 pm/s respectively. Notably, the tail of the speeds

distribution appeared longer than that seen in the experiments.

F. Luminal transport kinetics derived from contractile ER tubular junctions and

sheets.

As shown above, establishing effective transport in a tubular constrictions-driven model
based on realistic ER fluid dynamics required a set of questionable assumptions, compelling
us to explore alternatives. Thus, we set out to investigate how ER luminal transport would
be impacted by the contractility of its structural components with volumes larger than
tubules: (i) the tubular junctions (Fig. 1c), (ii) the perinuclear ER sheets (Fig. 1f) and (iii)
the peripheral sheets (Fig. 1d).

First, we run numerical simulations of transport driven by contracting junctions on an ER
network (C1 from Fig. S8d; sketch of junctions in Fig. 1¢). Since junctions contracting at the
tubular pinch temporal parameters measured experimentally yielded inadequate transport,
we consider contractions/relaxations with duration 27" exponentially distributed with a mean
of ! times the original value in Ref. [7] and the waiting time T4 between subsequent
contractions/relaxations exponentially distributed with a mean 37! times the original value
(i.e. values of & > 1 and 3 > 1 reflecting a higher frequency and faster pinches). Naturally,
the results depend on the choice of the volume AV expelled by a junction during each
contraction. Using fluorescence microscopy images, we may estimate the volume in junctions
(see Methods, § IVI1). We assumed that the junction volumes are drawn from a normal
distribution with the same mean and standard deviation as our data set i.e. the distribution
N(0.0045 pm?, 0.0021 pm?). Volumes greater than the maximum value in our experimental

estimate (0.0081 pm?) or less than the minimum value (0.0020 pm?) are rejected.
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We show the results in Fig. 6a. The thick solid line illustrates a set of values of («, /)
which produces distributions of average edge traversal speeds with means similar to the
experimental values in Ref. [7], and the dashed lines one standard deviation away. We are
interested in values of (o, 3) close to unity because this corresponds to junctions which pinch
with similar pinch durations and frequencies as the experimentally observed tubule pinches
and are therefore biologically plausible; («, 5) ~ (2.5,2) is the closest pair on this line to
unity. However, only for @ &~ 1 we obtained average edge traversal speed distributions of
reasonable shapes (i.e. approximately Gaussian), which would require a large 5 = 5 to match
experimental results quantitatively.

Further, the assumption that the entire junction volume is expelled during a contraction
may not be realistic, as it would require extreme bending/extension of tubule walls and the
ability of the entire junction to empty and fill out during each contraction. Reducing the
volume AV expelled in each contraction to two-thirds of the estimated distribution of the
junction’s volume (results shown in Fig. 6b) or to half (Fig. 6¢) causes the average edge
traversal speeds to drop considerably. The lower the proportion of the junction volume
expelled during a contraction, the faster the pinches are required to be (i.e. large value of
«) as well as the larger the frequencies of the pinch events (large ) in order to produce
reasonably high average edge traversal speeds.

Next, we considered the particle transport generated by two types of ER sheets contract-
ing and relaxing over a duration 27" (see Methods for details). The perinuclear sheets are
shaped as contiguous layers of flat cisternae with a luminal volume larger than the tubules
branching from these structures (see sketch in Fig. 1f). Accordingly, their contraction with
2T = 5 s and Vipeer = 10 pm? yielded a mean average traversal speed of 35 pm/s and
consistent with the single particle tracking experiments (see Fig. 7b). However, the speeds
distributions tailed towards higher values (Fig. 7a-b), something that has not be observed
experimentally so far; it may be that high velocities cannot be recovered in experiments
due to the constraints on linkage distance imposed to ensure trajectory fidelity in particle
tracking.

Further, our simulations reveal that the flow decays sharply with distance away from the
sheet where it originated as it branches out into tubules. This is illustrated in Fig. 7c-d and
we further quantify the spatial gradient of the average edge traversal speeds across Cartesian

2D coordinates in Fig. 7e, revealing the stark contrast between the homogeneous profile for
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contracting junctions (red dotted line) vs sheet-driven transport (blue solid line). The short
range of influence afforded by contracting perinuclear ER sheets thus argues against its
ability to sustain mixing flows and fast particle transport on the distal tubular network.
Instead, we sought to explore whether the the peripheral sheets (i.e. the smaller flat inter-
tubular ER regions, see sketch in Fig. 1d) may overcome the range limit. The peripheral
sheets have volume significantly larger than tubules and junctions, which we estimated at
0.12pm? £ 0.04 pm? (see Fig. S14 and Methods §1V 14 for details). This suggests that the
peripheral sheets could produce average edge traversal speeds compatible with experimental
measurements. Assuming that a sheet typically occupies the area enclosed by a ‘triangle’
of tubules, we may incorporate the transport inside a sheet-driven network using our model
for junctions-contraction, but with junction volumes set to the measured sheet volumes (see
§IV 14 for details) and with either (i) each node expelling one third of the volume expelled
by a contracting sheet (since peripheral sheet are in contact with three nodes on average), or
(ii) a contracting node expelling the entire volume expelled by a contracting sheet, but with
only one-third of the junctions actively contracting at any one time. Further assuming that
during each contraction an peripheral sheet expels half its total volume so that in simulation
(i) node k expels a volume V} /6 in each contraction and in simulation (ii) each active node
k expels a volume V},/3, nodes which contract at rates o' = 2.5 and a~! = 5 times slower
than the tubule pinches in Ref. [7] in simulations (i) and (ii) respectively give average edge
traversal speeds in the correct range of 40 pm/s (Fig. 7f-g). The contraction of peripheral
sheets may thus be offered as a plausible mechanism for fast luminal transport, provided

they are able to contract with sufficiently high rates.

III. DISCUSSION

The motion of solutes in cellular compartments is now understood to be facilitated by
active components. This is evident from direct motion measurements and the dependence of
motion speed on the availability of ATP-contained energy [6-8, 14]. The origin of these active
driving forces is however challenging to identify. The cytoplasm’s currents are often believed
to originate from the motion of large complexes such as ribosomes and large vesicle cargo
shuttled by the cytoskeleton-mediated motorised transport [14]. In the case of enhanced
transport in the lumen of the ER tubules, the contractility of tubules has been suggested
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as the flow generating mechanism, and indeed such tubule deformations have been observed
in microscopy [7]. However, establishing the direct empirical link between tubule contrac-
tion and active flows, or experimentally testing other hypotheses for the driving mechanism
behind ER solute transport, remain currently unattainable. In this study, we thus propose
a physical modelling approach, which provides a platform to explore the nanofluidics be-
haviour of biological systems such as the ER network. The outcomes of our simulations
for a contractile ER argue against the plausibility of local pinch-driven flow; pinches with
frequency and size on the order of those estimated by microscopy yield significantly lower
speeds than single particle tracking measurements, as well as no enhancement of mixing
beyond that from passive diffusion. The deficit stems from the fact that the displaced fluid

volume upon local contraction is too small to generate sufficient particle transport.

Given the uncertainty of the empirical measurements for ER tubule deformation, due to
the limits in the spatio-temporal resolution of organelle structure imaging, the pinch pa-
rameters may have been significantly underestimated. This sanctioned exploring a wider
range of spatio-temporal parameters in our simulations, which revealed that a combination
of a higher frequency with a much larger pinch length may provide higher particle speeds
that are comparable to the single particle tracking measurements. Further, our modelling
results suggest the possibility of transport by luminal width contractions of larger volume
ER subdomains (which are contiguously interconnected with the network). In that respect,
the contraction of peripheral (i.e. inter-tubular) sheets, in particular yielded speed values in
a plausible range provided they are able to contrast fast enough. In contrast, the contraction
of a large-volume perinuclear sheets led to fast transport but with a limited spatial range
and with flows that would not impact transport beyond a few microns into the peripheral
network. Similarly, the alternative scenario of tubular junctions’ contractility appears un-
likely as particle speeds similar to experiments could only appears for junctions pinching at

up to 8 times faster than experimentally observed contracting tubules.

The modelling approach in this study, although focused on the ER network, provides
a step forward towards understanding intra-organellar fluid dynamics. Our simulation re-
sults have been used to rule out several scenarios, which seemed physically intuitive but are
nevertheless unable to explain the observed enhanced luminal transport. Furthermore, our
results generated a set of potentially testable predictions that can be used to validate or

refute each of the envisaged transport mechanisms. For example, as fluid expulsion from
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peripheral sheets appears to be in broad in agreement with single particle tracking measure-
ments data under even conservative assumptions, future measurements may explore whether
an active luminal motion is more pronounced and faster in proximity to peripheral sheets.
Moreover, a set of improved spatio-temporal resolution measurements of particle tracking
and structural contractions will be needed to complete the physical picture of ER luminal
transport.

While our study allowed us to test different plausible scenarios, questions remain open as
to the force-generation mechanisms responsible for the observed pinching dynamics. We have
estimated in Sec. IV G that forces on the order of 30 pN would be required to periodically
bend the tubules as seen empirically. The force exerted by a single molecular motor has
been estimated to be on the order of 6 pN [15], so the required forces for pinching may
be provided by several motors working together [16]. Recently discovered hydro-osmotic
instabilities could also contribute to shape fluctuations and pinching, although they are
predicted to have much longer wavelengths than the typical size of a pinching region [17].
In contrast, the mechanisms involving topological remodelling of the ER, such as the well-
documented process of ring closure [18], occur over timescales of minutes and therefore
cannot account for the millisecond-scale transport measured here.

Although we have used in silico fluidics modeling for our conclusions, particularly in iden-
tifying new physically permitted mechanisms of luminal propulsion, our simulations should
be regarded as theoretical predictions demonstrating physical plausibility rather than mere
speculation. We have explored theoretically the consequences of structural fluctuations
which presumably do take place. Fluctuations in width of the flat ER areas, in particu-
lar, are expected since the structures appear dynamic in live light microscopy and narrow-
ing/extension points are observable in electron microscopy [19, 20]. Further, variability in
the areas of flat ER that are observable in electron microscopy can be explained by capturing
the structures in different states of fluctuations. It should be expected that the mobile elastic
structure such as ER sheets would not exhibit rigidity required to prohibit fluctuations.

In conclusion, it is worth emphasising that our in-silico fluid dynamical modelling re-
veals that for structural fluctuation-based mechanisms to facilitate luminal motion require
assumptions currently not supported by empirical data. This warrants explorations of al-
ternative mechanisms for ER luminal transport, for example anomalous diffusion driven

by the fluctuations of macromolecular complexes [14] or by osmotic forces, as previously

13


https://doi.org/10.1101/2023.01.11.523552

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.11.523552; this version posted October 21, 2023. 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.

suggested [7].

IV. METHODS

Here we describe the mathematical and physical model for the fluid mechanics and trans-
port driven by active contractions in the ER. This requires the introduction of a network
model for the geometry of the ER (§IV A) and individual pinches (§1V B) and a framework
for the hydrodynamics of pinching tubules (§1V C). Our solution method for the flows inside
our network is then described in §IV D. From simulations of Brownian particles advected
by these flows (§IV E) quantitative measures of particle transport (§IV F) are extracted for
comparison with experiment. Modifications of our model to explore alternative flow genera-
tion mechanisms are discussed in §IV I. Finally in §IV J we present in detail the derivations
of the theoretical results discussed in §I11 C (transport upper bound by a single pinch) and
§IID (coordination of pinches).

A. Network modelling

We represent the ‘skeleton’ of a two-dimensional ER network as a planar graph with each
node assigned a position x € R?. Given an edge of the network labelled (7, 7) and of length
|x; — x| = [, we model the lumen of the corresponding tubule to occupy a cylinder of radius
R whose axis lies along the edge and has length [. This assumption avoids the intrinsic
difficulty in defining a precise boundary between a tubule and a tubular junction, as well as
leading to a simplified model of the intra-nodal dynamics of a solute particle (see below);
since the tubules are long compared to the size of the junctions, the impact of their small
overlap can be safely neglected.

We mathematically reconstruct a model ER network, which we refer to as C0, using the
skeleton image of the COS7 ER network given in Fig. 4 of the Supplementary Material from
Ref. [7]; this network is reproduced in Fig. 8a. We use the multi-point tool in ImageJ [21]
to place numbered points at the positions of the nodes on the source skeleton image, and
then obtain a list of the indices and position coordinates of each node. The edges are then
manually tabulated as a list of pairs of nodes; this gives us all the information required to

construct a mathematical graph as shown in Fig. 8b, with the original network superimposed
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on the mathematical model in Fig. 8c. Note that in what follows we work with the largest
connected component of the source skeleton image in order to study transport in a fully
connected network. We also use the same procedure to extract the graph structures from
microscopy images, of four smaller ER networks which we label C1-C4 (original network
with mathematical graph superimposed in Fig. 8d). In Supplementary Fig. 10, we show the
distributions of the edge (tubule) lengths in each of the C0-C4 networks, as well as the mean
edge lengths and the mean degrees (the degree of a node is the number of edges connected
to it). The mean edge lengths are around 1 pm and mean degrees are approximately 3. In
order to compare the biological network to an idealised ER system, we also consider below
a honeycomb network, i.e. one where every node (apart from those at the boundaries) has

a degree of 3, with all edge lengths exactly 1 pm.

B. Pinch modelling

To describe the pinches (Fig. le), we consider a model where the kinematics of each
pinch is fully prescribed in time. We therefore assume that the active biochemical forces
responsible for the deformation of the tubules balance with the elastic resistance of the
tubules and with the dissipative forces in the fluid in such a way that the pinches occur as
described.

The geometrical model for a pinch is illustrated in Fig. 9. Each tubule is assumed to have
a pinch site at its midpoint (i.e. with L; = Ly); we make this simplifying assumption in our
simulations, after verifying that more general pinch locations (L; # Lo) have virtually no
effect on particle transport. The pinching events occur at the pinch sites stochastically and
independently of each other. Each pinch is defined geometrically by three parameters from a
random distribution (see below): (i) the duration of a pinch 27, (ii) the time T4 between
the end of a pinch and the beginning of a new one on the same site, and (iii) the length of a
pinch 2L (see Fig. 9). We assume for simplicity that all pinches are axisymmetric so, using
the notation of Fig. 9, each tubule remains a cylinder of time-varying radius denoted by
r = a(z,t). Pinches are assumed to have reflectional symmetry about the plane in the cross-
section through the centre of the pinch (i.e. Fig. 9 each pinch is characterised by the same
length L on either side of it). The total length of a tubule is denoted by [ = L; + 2L + Lo,
so the portion before the pinch has length L;, and that after the pinch is of length L.
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We model the geometrical profile of each pinch of length 2L as following a linear radius
change (see Fig. 9). Within a pinch located at z = zy, the radius of the cylinder is therefore

given by
|z — zo|

a(z,t) =b(t) + [R — b(t)] T —L<z—z <L (2)

The time-varying function b(t) < R is therefore the minimum pinch radius in the centre of
the tubule. As the simplest modelling choice, we assume in our simulations that b changes
in time sinusoidally and thus will use b(t) = (R + by)/2 + (R — by) cos(nt/T)/2, where t
is time after the pinch begins and b is the value of b halfway in time through the pinch.
Choosing a smooth time variation for the function b(¢) will ensure the continuity of fluxes
in time (see Eq. (10) later). We have verified that changing the pinch shape to a smoother
geometry has essentially no impact on the fluid volume expelled/taken in, and therefore no
significant effect on the flows/transport.

In our simulations the stochastic pinch parameters are drawn from the distributions
measured in Ref. [7]. The pinch duration 27" is therefore drawn from an exponential dis-
tribution with rate parameter A = In10/0.167 s~ (so the mean value is 2T = 0.0725 s) ,
the time between pinches T}, from from an exponential distribution with rate parameter
Await = In10/0.851 s71 (mean value T4 = 0.370 s) and the pinch length 2L from a uniform
distribution with mean g = 0.12 pm and variance o? = (0.06%/1n10) pm? & (0.040 pm)?2.
Throughout we set the tubule radius R = 30 nm and by = 0.01R (recall from Fig. 9).

C. Hydrodynamic modelling
1.  Hydrodynamics of network

We assume that the fluid occupying the ER network is Newtonian. Flow inside the
network occurs at low Reynolds number, which can be justified in the following fashion.
From experiments in Ref. [7], we know that velocity scale relevant to ER flows is of the
order U ~ 107° ms™!. With a typical tubule radius R ~ 10~® m and a kinematic viscosity

of at least that of water v ~ 107 m?s~!

, we obtain a Reynolds number of the order Re =
UR/v ~ 1077, so the flow is indeed Stokesian and inertial effects in the fluid can be safely
neglected.

At a typical instance in time, a tubule undergoing contraction (or relaxation) causes a

16


https://doi.org/10.1101/2023.01.11.523552

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.11.523552; this version posted October 21, 2023. 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.

net volume flux to exit (or enter) the corresponding tubule. In the context of our graph
theoretical model, we therefore model each pinch site as a ‘pinch node’ generating a net
hydrodynamic source/sink whenever the tubule contracts/relaxes.

However, since it is not guaranteed that the total volume created by all pinching events
always adds up to zero, we need a mechanism for the corresponding net volume to exit, or
enter, the network. We achieve this through a number of ‘exit nodes’ that allow mass to
be globally conserved. We locate the exit nodes at the exterior of the network and choose
their number randomly. From a hydrodynamic standpoint, we impose the pressure condition
p = po at each exit node to model their connection to a large fluid reservoir.

We numerically tested the robustness of our results to the details of the exit nodes by
repeating simulations with different configurations. The exact choices of exit nodes turn
out to not affect the transport results shown below provided there are sufficiently many of
them to avoid channeling the entire network’s worth of pinch-induced flow into a few tubules

towards the exterior, thereby producing artificially strong flows.

2. Hydrodynamic model for a pinch

a. Flow rate. 'The velocity field in a straight cylindrical tubule at low Reynolds number
is the classical parabolic Poiseuille flow [22]. When integrated through a cross section of the
tubule, this flow yields the Hagen-Poiseuille law relating the pressure change Ap across a

length [ of a tubule to the a net volume flux @) in the positive axial direction,

Ap= o, (3)

TR*

where g is the dynamic viscosity of the Newtonian fluid. Note that when ¢ > 0 our notation
leads to Ap < 0, meaning that the pressure decreases across the length of the channel.

The result in Eq. (3) is valid for a straight (i.e. not pinching) tubule, and we need to
generalise it to the case of a pinching tubule. Consider first a more general axisymmetric
pipe whose radius a(z,t) varies with axial position z and time. We may use the long-
wavelength (lubrication) solution to Stokes’ equations for the streamwise velocity u(z,r,t)

and flux Q(z,t) inside such a pipe into which a flux Q(t) enters at z = 0 [23],

o228 ()]
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where
Q2 1) = O (1) — 27 /0 a(5,1) %;’ Dz, (5)

The equality in Eq. (5) can be derived using an intuitive mass conservation argument,

independently of the inspired ansatz in Eq. (4). Conservation of mass inside a small section
(2,2 + 02z] of the cylinder requires Q(z) — Q(z + 0z) = 2waadz + O(62*). Considering the
limit 6z — 0 and integrating the resulting expression for 0Q/0z from 0 to z yields Eq. (5).

In order for the no-slip boundary conditions at r = a(z,t) to be satisfied, and also to
satisfy the incompressibility condition V - u = 0, the radial component of the velocity,

v(z,r,1), is necessarily non-zero and given by [23]

_ Oa(z,t) 7 r\’ da(z,t) Q(z,t)r ro\’
viz,rt) = ot a(z,t) [2_ (a(z,t)) 2 0z ma(z,t)3 [1 a <a(z,t)) ] - (6)

Our geometrical model for each pinch in §IV B yields straightforwardly a piecewise linear

expression for a(z,t) in different regions of the tubule, with the time dependence entering
only through the value of the pinch radius b(t). Denoting by @; (1 < i < 4) the fluxes in
the four regions of the pinched tubules shown in Fig. 9, we may substitute the linear shape

functions into Eq. (5) and obtain

B omb(z — L)2 (R (R—10)(z— Ly)
Qz—Ql—T(g— 3L )a (7)
—27b[z — (L1 + L)) {b+ 2_L [ = (Ly + L)] - 3;6[2—(L1—|—L)]2}, (8)
Q1= Q1 — 27bL (?—F%b) 9)

Note that the final expression may be rearranged as
Qs — Q= —2mbL (? + %b> , (10)

which may be interpreted as the instantaneous volume source/sink during a contrac-
tion/relaxation at a pinch site.

b. Pressure drop. We next need to compute the pressure drop in the pinches. We
integrate the z-component of the Stokes equation

op 10 [ Ou 0%u
9. = ror (a—) =t (1
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along 0 < z < Ly + 2L + Ls, and use the solution for u, to obtain

8,[,6 L1+2L+ Lo Q(Z t) au L1+2L+1Lo
Ap=ps—p = —— ~~d — 12
p P2 Y4 T Jo CL(Z,t)4 Z+lu82 . ( a’)
8 [T Q) 8u [Tt Q(z)
T Jo a(z,t)* T Jo+r a(z,t)*
I I

Here, the second term on the right-hand side of Eq. (12a) has vanished because 0,u o
0.(Q/a*) but Q and a are approximately constant at the entrance and exits of the tubule
when the pinch site is sufficiently far from the ends of the tubule so that the flow is fully-
developed there.

Using the expression for ()s, an integration yields

- —S/LQlLl 8,u LQl 1 1 btk QZ(Z) - Ql
et T ow) ) Geaee] W

1
and, by symmetry,

~ 8uQ4Ly  Bu LQs 1 1 Bkl —Qs(2) + Qu
“heThr {‘m (@ - ﬁ) * /Lﬁmg Tamt dz} -

Subtracting these two results (and noting the integrals cancel out by symmetry) we obtain

the modified Hagen-Poiseuille expression for a pinching tubule as

_ 8wl L (1 AN, 8ufle L (1 1
e ”[R4+3<R—b) <53 R%Ql W[R4+3(R—b) <b3 RSHQ“' (15)

Note that this relationship is linear in each of ); and ()4, and is to be solved alongside
Eq. (10) to relate the flow rates and pressure drops to the change in size of the pinches.
Importantly, the classical Hagen-Poiseuille law is recovered as b — R since Eq. (15) becomes
in that limit

8u(Ly + 2L + L)@y

Ap = - 7TR4 9 (16)

which agrees with Eq. (3) when taking [ = L; + 2L + Ls.

D. Solving the hydrodynamic network model

The incorporation of pinches as ‘dummy nodes’ into a graph theoretical framework of
§IV A along with Egs. (10) and (15) for the necessary pinch-related quantities allow us to

reduce the problem of determining the time-dependent flows in an active pinching network
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into the simpler problem of solving at each instant for the instantaneous fluxes inside a
‘passive’ network with newly added nodes, appropriate sources/sinks, and modified pressure
drops. Note that since the flows at these sub-cellular scales are inertialess (i.e. Stokes flows),
we are able to effectively decouple time from our problem and solve the problem in the
quasi-steady limit.

For each edge (i.e. tubule) (7,7) in the network, we define Q);; to be the flow rate from
node ¢ to node j, with the sign convention such that flow is from i to j if @;; > 0. For
mathematical convenience, we define ();; = 0 in all cases where (7, ) is not an edge in the
graph. The goal is to solve for the values of the @);;’s corresponding to each edge.

After the incorporation of the dummy nodes, we denote by N the number of nodes and
E the number of edges. We label the nodes such that {1,..., M} denotes the M exit nodes.
Let g; be the source or sink carried by the i node (so that ¢; = 0 if i is a normal node, g; is as
specified by the RHS of Eq. (10) if 7 is a pinch node, and ¢; is a quantity to be determined if ¢
is an exit node.). Our M + E independent variables are therefore {¢;|i = 1,..., M} i.e. the
sources/sinks carried by the exit nodes, and the ();;’s corresponding to each edge. To obtain

their values, we employ the viscous hydraulic analogues of Kirchoff’s Laws.

1. Kirchhoff’s First Law (K1)

The first equation is that mass is conserved at each junction i.e. for each node i we have
Z Qij = s (17)
J

which gives us therefore N equations. Note that these equations together imply global

. N
conservation of mass, > ;" ¢; = 0.

2. Kirchhoff’s Second Law (K2)

The second equation is a consistency of pressure, namely that the pressure change
around any cycle (i.e. closed loop) of the network is zero. Therefore, in a given cycle
C = {v1,v2,...,Vn,VUny1 = 1}, if Apy,y,,, denotes the pressure change from node v; to node

v;+1 We necessarily have

Z Ap’Ui’l)H_l = 0 (18)
i=1
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Note that the pressure change across a node is negligible.

The K2 statement in Eq. (18) applies to all cycles in the graph, which would give us more
equations than we need since the vectors of coefficients in Eq. (18) are linearly dependent.
Instead, we need a minimal set of linearly independent K2 equations, corresponding to the

cycles in a cycle basis of the graph, and we need only apply K2 to these cycles.

To construct a cycle basis of the graph G, we use standard results from graph theory [24].
We first construct a spanning tree 7', defined as a connected subgraph which contains all
the nodes of G' and no cycle, as shown in Supplementary Fig. 11a on an example. Any tree
T has N — 1 edges. Therefore there are E — (N — 1) edges in the graph G but not in the
spanning tree T'; for each such edge e, we denote by C, the unique cycle in the graph created
by adding the edge e to the tree T" (see Fig. 11b). The set of all such cycles C, is then a cycle
basis of GG, and thus there are £ — (N — 1) cycles in this set. There are therefore £ — N + 1

independent cycles in the cycle basis.

To compute the spanning tree 7" we use a breadth-first search (BFS) algorithm [25]. We
start from an arbitrary node and explore its neighbouring nodes. We add to T" any previously
unexplored node (and the corresponding edge) which does not result in the creation of a
cycle in T. We then repeat this (in an arbitrary order) on the neighbours of the previous
generation of nodes added to T, until no more nodes are left to explore. This is illustrated

on an example in Supplementary Fig. 11c.

A similar algorithm is also used to compute the cycles C, in the cycle basis. This time,
however, denoting e = (i, j), the algorithm is started from i and set to terminate as soon as
7 is visited, yielding a path in the tree from ¢ to j, which, together with the original edge

(1,7), completes a cycle.

3. Pressure boundary conditions at exit nodes

At this point in the modelling, we have M + F independent variables (the flow rates
in each edge and at the exit nodes), N equations from K1 (i.e. Eq. (17)), and E — N + 1
equations from K2 (i.e. Eq. (18)). The remaining M — 1 equations follow from the pressure

conditions at the exit nodes. Specifically, the pressure difference between any pair of exit
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nodes ¢ and j is zero

ZAp =0. (19)

i—]

Here the sum ). .. is defined to be over any path Pj; from i to j. Thanks to Kirchhoft’s

i—J
M
second law, this quantity is path-independent. This indeed gives us ( 5 ) = M —1 equations,
which we pick tobe >, Ap=0for j=2,..., M.
We then solve the resulting linear system of M + E equations numerically. Note that we

do not need to specify the value of the fluid viscosity p in our algorithm because it cancels

out in the K2 equation, Eq. (18), and in the pressure boundary condition equation, Eq. (19).

E. Simulating particle transport

With our solution for the flows in the active network at each instant of time, we now
proceed to track the motion of Brownian particles inside the network using a discretisation
of their stochastic equations of motion, as a model for the transport of proteins in the ER
network.

We use the simplest approach where we superimpose Brownian motion onto advection
by the flow inside each tubule. Let x(¢) denote the position of a Brownian particle in a
tubule and x,, the finite-difference approximation of x(nAt), where At is a discrete time
step. The displacement of the particle at each time step can be obtained approximately

using an explicit first-order Euler scheme
Xnt1 = Xp + U(x,, 1) At + X(At), (20)

where U is the instantaneous flow velocity, and the random noise term X (At) is drawn from
a zero-mean Gaussian with variance (X(At)X(At)) = 2DAI [26], where D is the Brownian
diffusivity of the particle. In our simulations, we take the diffusion constant to be the mean
intranode diffusivity measured in Ref. [7], D & 0.6 pm?s~'. We include interactions between
particles and walls by assuming that particles perfectly reflect off walls (i.e. elastic collisions).
The particles are modelled as rigid spheres of diameter 5 nm, and the size of the particle
matters only during elastic collisions with the walls of the tubules. As relevant in the limit
of low volume fraction, we neglect hydrodynamic interactions between particles and perform

ensemble averaging of the trajectories of many independent particles.
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When a particle enters a node, we model its dynamics as follows. We consider a particle
to have entered a node only if it has reached the end of a tubule, say of length [, at which in-
stance we assign the particle to the node-point (i.e. the single point associated with the node
in the graph description of the ER network). Although nodes contain a three-dimensional
volume, their typical nodal length scale is of the order R < [, and thus approximating
them by point nodes is appropriate on the scale of the whole network. To decide towards
which of the connected tubules the particle leaves the node, we estimate the values of the
Péclet number Pe in each of the tubules. We define a local Péclet Pe; = U; R/ D where Uj is
the mean flow velocity through tubule ¢, with U; > 0 for flow out of the node and U; < 0
otherwise. We then assume that the particle enters a neighbouring tubule 7 connected to
the node with a probability proportional to max(Pe; + 1,0). This ensures that we have the
expected behaviour in both limits of Pe: at high (positive) Péclet numbers, the probability
is proportional to the flow speeds in each of the connected tubules, while at low Péclet the

exit of the node is limited by diffusion and thus the exit is equally likely in each tubule.

F. Data processing: instantaneous speeds and average edge traversal speeds

During each simulation, we compute the edge traversal speeds as follows. A particle is
defined to traverse an edge (1, j) if it travels from node (i.e. junction) 7 to node j, or from j
to 7, without visiting ¢ or j in between. The corresponding edge traversal time is then the
time between the arrival at the target node and the most recent departure from the node
of origin. The edge traversal speed is naturally defined as the length of the tubule (i, )
divided by the edge traversal time.

The average edge traversal speed associated with an edge (7,7) is then defined as the

mean over all edge traversal events across (i, j) of the edge traversal speeds.

In addition we also compute for each particle the ‘instantaneous’ speeds defined by V,, =
| X (tns1) — X(t,)|/At, where t,, = nAt with At = 18 ms, which is the same temporal

resolution as in the particle tracking carried out in Ref. [7].
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G. Incorporating slip boundary conditions

The methodology we have detailed thus far assumes no-slip boundary conditions at the
tubule walls for the fluid flow. However, the membrane-bound lipids themselves could also
flow in response to the nanoscale luminal flows. This may be modelled by introducing a
finite slip boundary condition on the tubule wall. The slip boundary conditions with a slip

length A > 0 at the wall r = a(z,t) are given by

0
U= —Aa—:f, (21)
and (u — %er) -n=0, withn = %ez — e,, which simplifies to
da oa

We may then derive the long-wavelength solution for the flow field inside an axisymmetric
deforming tubule as follows. Using an ansatz for the axial component u that is motivated

by the uniform-radius Poiseuille flow with slip,

2 Qe Py,
u(r, z,t) = 1L & wa(z,1)2 [1 - (a(z,t)) + a(Z,t)] ’ (23)

1
p

we may solve the incompressibility condition %(rv)%—g—z = 0. Regularity at » = 0 constrains

the integration constant to be zero, yielding

1 da(z,t) r r ’ A\
v(r, 2,1) ] + -2 It a(z,t) [2 - (a(z,t)> i a(z,t)]

a(z,t)

2 0Oa Q(z,t) r {1+3)\_( r )2
a

i + % 0z ma(z,t)? a(z,t)

A 1 A\ , 2
a(z,t) 1—1—% [a(z,t) T2 (a(z,t)) ] }’ (24)

which automatically satisfies the boundary condition in Eq. (22). Note that the mass con-

servation equations are not affected by the introduction of a slip length.

Using the new solution for u, the modified Hagen-Poiseuille expression with slip may be
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derived as before to be

B 8u [ Ly L 1+4\/b 4\ 2\ 4\ 2\
Ap__?{ﬁ+64>\3(f{—b) {log(1+4/\/R) Ty (1_7> g (1_5)”@1
8u [ Lo L 1+4X/b 4\ 2\ 4\ 2\
‘7{@+—64A3<R_b> [log (—1+4/\/R) % (1‘7) "R (1‘ E)}}Q‘“

(25)

which does recover the no-slip result as A\ — 0.

These results may then be used to simulate particle transport with slip boundary condi-
tions. In Fig. 12a we plot the distributions of average edge traveral speeds obtained from
simulations of a C1 network pinching with the original pinch parameters from Ref. [7] for
four different values of the boundary slip length. In Fig. 12b we further display the profiles
of the longitudinal flow (Eq. (23)) for different slip lengths with the volume flux fixed.

H. Estimate of forces required for pinches

In this section we derive an order-of-magnitude estimate for the forces required to pinch
an ER tubule.

We first estimate the difference in the membrane’s elastic energy, AE = Elinched —
Enpinched, between the pinched (Epinched) and unpinched configurations (Eunpinchea). In the
absence of spontaneous curvature, the Helfrich free energy h per unit area of a membrane
is given by

k

h = 5‘?(2}[)2 + kK, (26)

where k. and k are bending rigidities, H is the mean curvature, and K is the Gaussian
curvature [27]. The mean and Gaussian curvatures may be expressed in terms of the principle
curvatures ki, ko as H = (k1 + Kk2)/2 and K = Kk1ko. We take k; and ko to be the principle
curvatures in the directions normal and parallel respectively to the tubule’s longitudinal
axis.

The dominant contribution to AE is from Epinched, specifically from the region near the
pinch site i.e. the centre of the pinch, where the tubule radius is smallest, taken to be at
z = 0. We have k1 = 1/a(z,t) and ky = O(R/L?), yielding H = 1/2a + O(R/L?*) and
K = O(R/aL?). The dominant contribution to the membrane energy F = 27 ffL hadz is

therefore from H, in a neighbourhood of z = 0. Since real pinches do not have kinks, a

25


https://doi.org/10.1101/2023.01.11.523552

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.11.523552; this version posted October 21, 2023. 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.

linear term, for the purposes of estimating membrane energy, is unphysical, and we expect
a(z,ty) = by + O(2?) near z = 0, where by is the pinch radius in the centre of the pinch in
the maximally contracted state and ¢, denotes a time at which the tubule is in a pinched
state. We may therefore write a(z) = by + Rz%/L? to obtain an order-of-magnitude estimate
of the membrane energy in the pinched state.

Evaluating the integral for Epincheq then yields the leading-order estimate

L
AE ~ fp—ee | 27

We may take k., k ~ 50 kgT (kp is the Boltzmann constant times and 7" the room temper-
ature) [28], with estimate values R = 30 nm, and L = 70 nm. The minimum pinch radius
by may be estimated to be 10 nm allowing for membrane thickness and incomplete squeeze,
yielding

AE ~8x 1071 (28)

The hydrodynamic dissipation during a pinch may be calculated using the flow field in a
pinch (see §IV C for intraluminal flow field), and it turns out to be much smaller than the
elastic contribution to the work done to pinch a tubule.

An estimate for the force required to pinch the tubule may then finally be obtained as
F ~ AFE/R ~ 30 pN.

I. Modelling of alternative flow generation mechanisms

We have described in detail our modelling of a network driven by the pinching of tubules.
In this study we explore two other flow generation mechanisms: the contraction of tubular
junctions and the contraction of ER sheets. Our model for pinching tubules is readily

generalised to account for these mechanisms, as we describe below.

1.  Ezperimental estimates of junction volumes

From fluorescence microscopy images of ER networks, we measure the fluorescence inten-
sity of junctions (i.e. the number of pixels in a junction multiplied by the mean intensity per
pixel). We can then translate this intensity into an estimate of junction volume, assuming
that intensity is directly proportional to volume. In order to calibrate the fluorescence in-

tensity, we use our measurements for tubules. Specifically, we use the measured intensities
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of tubules and their known volumes, obtained by measurements of tubule lengths and the
assumption that they are cylinders of radius 30 nm, in order to determine the proportion-
ality constant to convert between pixel intensity and volume. Our new measurement of the
intensities of the junctions then allows us to obtain estimates of their volumes; we obtain
twelve values, ranging between 0.0020 pm?® and 0.0081 pm?, with a mean of 0.045 pm? and

a standard deviation of 0.0021 pm?.

2.  Mathematical modelling of contractions of tubular junctions

To include the contribution of tubular junctions into the model (Fig. 1¢), we assume that
in addition to the pinch sites along tubules, each tubular junction pinches independently
of other tubules and other tubular junctions. Given a junction, we assume that it expels
the same volume AV of fluid during a contraction for all its pinches (and takes in the same
volume when it relaxes). Each pinch is assumed to create a sinusoidal flow source, so a pinch
lasting for a time 27" produces a flow rate S(t) = AV sin(nt/T)7 /2T at a time ¢ measured
from the beginning of the pinch, where the numerical factors in S(¢) are chosen such that
the volume expelled during a contraction is indeed fOT S(t)dt = AV. We accommodate the
flows from the junctions mathematically by modifying our K1 equations, Eq. (17), to allow
the normal nodes to also carry non-zero sources (as opposed to just the pinch nodes, as was

the case before); the other equations in the model remain unchanged.

3. Mathematical modelling of contractions of perinuclear sheets

In the tubules-pinching model, we included M exit nodes located towards the exterior of
the network and through which flow could enter and exit the system in order to conserve
mass. To account for the connection to a perinuclear sheet (Fig. 1f), we now assign randomly
a number of these exit nodes, denoted My < M, to be ‘sheet nodes’ i.e. nodes which are
directly connected to a peripheral sheet, so that a number M; = M — M; > 0 of exit nodes
remain. This is illustrated in Supplementary Fig. 13, where we show the C1 network from
Fig. 8 with both sheet nodes (blue asterisks) and exit nodes (red squares).

A sheet contraction+relaxation lasting a time 27" produces a total source Sgpeet(t) =

Vineet ™ sin(mt/T) /2T at a time t from the beginning of the pinch, where again, the integral
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of Sgneet OVer a contraction gives a volume Voo of fluid expelled by the sheet.

Similarly to the mathematical model with tubular pinches only, our independent variables
are the E tubule fluxes, the M; sources at the exit nodes, and the M; sources at the sheet
nodes. As before, the K1 (Eq. 17) and K2 (Eq. 18) equations give us F + 1 equations. The
requirement that the exit nodes are at the same (exit) pressure give us (1\/2[1) =M -1
equations, namely the equality AFP;; = 0 for ¢, exit nodes. We make the additional as-
sumption that the sheet nodes are all at the same mechanical pressure (i.e. that they are
connected to the same reservoir), which provides an additional M; — 1 equations. Requir-
ing that the sources at the sheet nodes sum to the prescribed flow rate Sgneer yields one

additional equation, so we again have a system of £ 4+ M independent linear equations.

4. FExperimental estimates of volumes of peripheral sheets

To model the contraction of peripheral sheets (Fig. 1d), we need to estimate their con-
tained volumes. Using the open-source image analysis software Fiji [29], we identify nine
regions roughly occupied by peripheral sheets in a microscopy image of an ER network; this
is illustrated in yellow in Supplementary Fig. 14. We then measure their areas (in pm?)
and convert them to volumes by multiplication with the diameter of a tubule; we take the
diameter to be 60 nm i.e. we assume that the effective thickness of a sheet is equal to the
tubular diameter. From our nine data values, we finally obtain a mean sheet volume of 0.12

pm? and a standard deviation of 0.04 pm?3.

J. Derivation of theoretical bounds for active flows driven by pinching tubules
1. Advection due to a single pinch

In this section we calculate an upper bound for the axial distance Az a particle can be
advected by the flow produced by an individual pinch. Recall the formula for the volume

‘source’ due to a pinch,

2 .
q = —mL(R +20). (29)

Among all possible ways for a particle to be transported by a pinch, an upper bound

on the transport distance Az < Azn.x can be reached if all of the following conditions
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are satisfied: (i) All of the source flows to one side of the pinch (i.e. there is no leakage
on the other side); (ii) The particle travels outside the pinching region (axial flows within
the pinching region produce smaller advective displacements than those outside, as may be
verified numerically); (iii) The particle travels along the centreline of the tubule (i.e. at twice
the cross-section averaged flow velocity, a standard Poiseuille result); (iv) The minimum
pinch radius by (recall from Fig. 9) is 0.

Under conditions (i) and (ii), the cross-section averaged speed corresponding to maximal

transport generated from a single pinch can then be computed using Eq. (29) as
_ 2 .
TRU(t) = —gwa(R + 2b). (30)

Using condition (iii), the position of the particle along the centreline z(t) satisfies then the
ordinary differential equation

2 =20(t) = —;—};b(R + 2b). (31)

Integrating this equation from ¢ = 0 (start of contraction, with b(0) = R) to T (end of
contraction, with b(T') = by) then leads to

2
Az—%(l—b—o—&>. (32)

The value of Az is maximized when by = 0 (i.e. when condition (iv) holds), yielding the
upper bound
Az < Azpax = §L. (33)

2. Extension to nonlinear interactions between two pinches

An isolated pinch is only capable of reciprocal motions. The simplest system capable
of producing non-reciprocal motions is illustrated in Fig. 5 and consists of two pinch sites
arranged in series near the midpoint of a long horizontal tubule.

We may calculate an upper bound on the net particle displacement that can be achieved
after both pinch sites pinch exactly once. We make the assumptions (ii)-(iv) as above, and in
addition, allow pinches to spend extended amounts of time in their completely closed state;
any deviation from these assumptions will result in net transport that is further reduced.

How can we maximise the positive (i.e. rightward in Fig. 5) particle displacements induced

by the contractions, and minimise the magnitude of the negative (leftward) displacement
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induced by relaxations? As in the figure, let us denote the pinch on the left ‘pinch 1’ and
that on the right ‘pinch 2’. Pinch 1 produces maximum positive displacement (magnitude
4L/3, i.e. half of the optimal from Eq. (33)) when pinch 2 is completely open i.e. when
the hydrodynamic resistance to its right is minimal. Pinch 2 then produces maximum
positive displacement (of magnitude 8L/3, i.e. the optimal value in Eq. (33)) when pinch 1
is completely closed and all pinch-induced flow continues to be directed rightwards. Similarly,
pinch 1 produces minimal negative displacement when pinch 2 is completely closed (zero
average displacement, since no flow is then allowed to escape to the right of pinch 2), while
pinch 2 then produces a negative displacement of magnitude 4L/3 to the left when pinch
1 is completely open. These optima can be achieved by the non-reciprocal sequence of
motions illustrated in Fig. 5: close pinch 1, close pinch 2, open pinch 1, open pinch 2. The
coordination between two pinches can therefore be used to generate the net displacement of

8L /3 equal to the theoretical upper bound from Eq. (33).
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FIG. 1: Sketch of the cellular geometry with nomenclature of the sub-cellular structures
discussed in the paper. a. Cross section of cell showing nucleus and Endoplasmic
Reticulum (ER) (adapted from image in public domain [30]). b. Cut through cross section
of the tubular ER network at the edge of cell. c. Sketch of the contraction and expansion
of the tubular junctions (3D view and cross section); contractions leads to flow leaving the
junction into the network while expansions lead to flow leaving the network and entering
the junction. d. Contraction and expansion of the peripheral sheets. e. Contraction and
expansion of the tubules driven by pinching (3D view and cross section). f. Contraction

and expansion of the perinuclear sheets.
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FIG. 2: A quantitative test of the pinching-tubule hypothesis. a. Cross-sectionally
averaged flow velocities in a typical edge as obtained in our simulations. b. c. Histograms
of instantaneous speeds (b) and edge traversal speeds (c) using data from simulations in
the CO network with flow (blue solid line) and with just diffusion (red dashed line). The
insets in (b) and (c) illustrate the distributions of instantaneous speeds and average edge
traversal speeds respectively as experimentally measured in Ref. [7]. The symbols indicate
the values taken by the probability mass function and the curves are log-normal
distributions fitted to all average edge traversal speeds obtained. d-f. Histograms of
average edge traversal speeds obtained from simulations in networks C1-C4 from Fig. 8d
with flow (d) and only diffusion (e) and from simulations in the regular honeycomb
network with active flows (f). The inset in (f) illustrates the honeycomb geometry. Points
indicate mean £ one standard deviation over the four networks (C1-C4) of normalised
frequencies in each speed range; curves are log-normal (d-f) or normal (f) distributions
fitted to all average edge traversal speeds for each set of pinch parameters. The means of
the original simulation results and of the fitted distributions are indicated in the legends in

each of (c-f).
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FIG. 3: Mixing by active pinching flows. a. Initial configuration of blue and red particles
in honeycomb network. The strips used to quantify mixing are illustrated in black dotted
line. b-d. The configuration after ¢t = 3 s of mixing in a passive network with no flow (b),
an active network pinching with the original pinch parameters (c), and an active network
pinching with maximally long pinches at 10 times the original rates (d). e. The measure of

mixing Var(¢(t)) against ¢ for the network pinching with the original parameters (blue),
the passive network (red), and the network pinching with maximally long and 10x faster

pinches (yellow).
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FIG. 4: Histograms of instantaneous speeds (top) and average edge traversal speeds
(bottom), for a-b. an active honeycomb network (a) and the reconstructed CO network
from Fig. 8a-c (b) with pinch parameters T and T,,q; decreased to 1/a times the original
values from Ref. [7], and the same measured diffusivity D = 0.6 pm?s~!, and for c-f. the
C1-4 networks from Fig. 8d with varying pinch parameters: original parameters from
Ref. [7] (c); pinch length increased to the total length of the tubules (d); a five-fold
increase in the rate of pinching and pinch length set to the total length of the tubules (e);
a ten-fold increase in the rate of pinching and pinch length set to the total length of the
tubules (e). Bottom rows: points indicate mean + one standard deviation over the four
networks (C1-C4) of normalised frequencies in each speed range; curves are log-normal
distributions fitted to all average edge traversal speeds for each set of pinch parameters;

insets show means of original simulation results and of fitted distributions.
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FIG. 5: Illustration of coordination mechanism allowing the interactions between two
pinch in series to induce the net transport of a suspended particle; the mechanism is akin

to small-scale peristalsis.
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FIG. 6: Contour plots of the mean values of the average edge traversal speeds obtained
from simulations of our model in a junction- and tubules-driven C1 network from Fig. 8
with different values of («, 8) and with contraction volumes AV expelled during each
contraction drawn from: a. the normal distribution estimated for the junction volumes
N(0.0045,0.0021) (in pm?); b. two thirds the estimated normal distribution for the
junction volume; and c. half the estimated distribution for the junction volume. Thick
solid black lines indicate the mean of the average edge traversal speed distribution
reported in Ref. [7] (45.01 pm/s) and thick dotted black lines indicate mean + standard
deviation (45.01 £ 12.75 pm/s).
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FIG. 7: a-b. Distributions of instantaneous speeds (a.), and average edge traversal speeds
(b.) obtained from simulations of the C1 network from Fig. 8 driven by the contraction of
a perinuclear sheet. In these simulations the sheet undergoes one contraction+relaxation
lasting 27" = 5 s, and expels a volume Vipeer = 10 pm? of fluid during a contraction. c-
d. Colour maps of normalised average edge traversal speeds obtained from simulations of
the C1 network from Fig. 8 driven by contraction of tubules + sheets (c¢) and junctions +
tubules (d) respectively. e. The speeds averaged along the y direction of the network, V(z),
are plotted against x, to effectively project the information onto one dimension from c. (blue
solid line) and d. (red dashed line). f-g. Histograms of average edge traversal speeds (dots)
and normal fits (lines) and mean AETS (inset) in C1 networks with parameters adjusted as
follows to approximate a network with peripheral sheets: Junction k expels a volume V}, /6 of

fluid in each pinch, the pinches are a~*

= 2.5 times slower than the original tubule pinches,
and all nodes actively pinch (f); and node k expels a volume Vj,/2 of fluid in each pinch, the
pinches are a~! = 5 times slower than the original tubule pinches, and only a third of the

nodes actively pinch (g).
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SUPPLEMENTARY FIGURES

FIG. 8: a. Skeleton image of COS7 ER reproduced from Ref. [7]. b. Model ER graph (blue
solid lines) reconstructed from (a) using ImageJ. c. Experimental images in (a)
superimposed with mathematical model from (b). d. Microscopy images of four different
COST ER networks (labelled C1-C4) with reconstructed model networks (blue solid lines)

superimposed.
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FIG. 9: Mathematical model of a pinching tubule. The tubule has a radius of R outside
the pinch, a(z,t) in the pinch (where z is the axial coordinate), and b(t) at its narrowest
point i.e. the centre of the pinch. The portion of the tubule before the tubule has length L
while that after has length Lo; the pinch is symmetric and has a length 2L. @1, @2, @3, and
Q@4 denote the volume fluxes through the tubule in the four different regions as indicated.

The pressures at the end of the tubule are p=p; at z =0and p =py at z = L1 + 2L + Lo.
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FIG. 10: Distributions of edge lengths in the five CO-C4 networks. Bottom right: mean

edge lengths and mean degrees (i.e. number of edges connected to a node) of the C0-C4

networks.
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FIG. 11: Elements of graph theory required to model the ER network. a. A graph G
(black solid lines) and its spanning tree 7" (black dots). b. The unique cycle C, (red)
formed by adding an edge e € G\T to T'. c. A breadth-first search (BFS) starting at the

rightmost node; the graph is explored in the order red, green, blue.
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FIG. 12: Impact of non-zero slip length on transport and flow. (a) Distributions of average
edge traversals speeds in simulations of a C1 network pinching with the original pinch
parameters as measured in Ref. [7] and used in Fig. 2, for different slip lengths A = 0, 3, 30
and 300 nm. (b) Longitudinal flow profile inside a cylindrical tubule for different slip
lengths, all with the same volume flux; an increase of the slip length leads to a

redistribution of the flow in the cross section.
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FIG. 13: Illustration of the C1 network from Fig. 8 with M; = 13 exit nodes (red squares)

and M, = 9 peripheral sheet nodes (blue asterisks).
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FIG. 14: Estimation of areas of peripheral sheets, taken as the regions encircled in yellow.

44


https://doi.org/10.1101/2023.01.11.523552

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.11.523552; this version posted October 21, 2023. 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.

ACKNOWLEDGMENTS

EL and PHH are supported by the European Research Council under the European
Union’s Horizon 2020 research and innovation program (Grant No. 682754 to EL) and by
the Cambridge Trust. EA is supported by the UK Dementia Research Institute [award
number UK DRI-2004] which receives its funding from UK DRI Ltd, funded by the UK

Medical Research Council, Alzheimer’s Society and Alzheimer’s Research UK

[1] G. K. Voeltz, M. M. Rolls, and T. A. Rapoport, Structural organization of the endoplasmic
reticulum, EMBO reports 3, 944 (2002).

[2] C. Lee and L. B. Chen, Dynamic behavior of endoplasmic reticulum in living cells, Cell 54,
37 (1988).

[3] J. E. Chambers, N. Zubkov, M. Kubdnkova, J. Nixon-Abell, I. Mela, S. Abreu, M. Schwiening,
G. Lavarda, I. Lopez-Duarte, J. A. Dickens, T. Torres, C. F. Kaminski, L. J. Holt, E. Avezov,
J. A. Huntington, P. S. George-Hyslop, M. K. Kuimova, and S. J. Marciniak, Z-a-antitrypsin
polymers impose molecular filtration in the endoplasmic reticulum after undergoing phase
transition to a solid state, Science Advances 8, eabm2094 (2022).

[4] B. Wang, Z. Zhao, M. Xiong, R. Yan, and K. Xu, The endoplasmic reticulum adopts two
distinct tubule forms, Proceedings of the National Academy of Sciences 119, 2117559119
(2022).

[5] S. Ghaemmaghami, W.-K. Huh, K. Bower, R. W. Howson, A. Belle, N. Dephoure, E. K.
O’Shea, and J. S. Weissman, Global analysis of protein expression in yeast, Nature 425,
737741 (2003).

[6] S. Nehls, E. L. Snapp, N. B. Cole, K. J. Zaal, A. K. Kenworthy, T. H. Roberts, J. Ellenberg,
J. F. Presley, E. Siggia, and J. Lippincott-Schwartz, Dynamics and retention of misfolded
proteins in native er membranes, Nature Cell Biol. 2, 288 (2000).

[7] D. Holecman, P. Parutto, J. E. Chambers, M. Fantham, L. J. Young, S. J. Marciniak, C. F.
Kaminski, D. Ron, and E. Avezov, Single particle trajectories reveal active endoplasmic retic-

ulum luminal flow, Nature Cell Biology 20, 1118-1125 (2018).

45


https://doi.org/10.1101/2023.01.11.523552

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.11.523552; this version posted October 21, 2023. 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.

[8] M. J. Dayel, E. F. Hom, and A. S. Verkman, Diffusion of green fluorescent protein in the
aqueous-phase lumen of endoplasmic reticulum, Biophys. J. 76, 2843 (1999).

[9] T. Konno, P. Parutto, D. M. D. Bailey, V. Davi, C. Crapart, M. A. Awadelkareem, C. Hock-
ings, A. Brown, K. M. Xiang, A. Agrawal, J. E. Chambers, M. V. Werp, K. Koning, E. Metza-
kopian, L. Westrate, E. Koslover, and E. Avezov, Endoplasmic reticulum morphological reg-
ulation by rtn4/nogo modulates neuronal regeneration by curbing luminal transport, bioRxiv
(2021).

[10] C. Blackstone, Converging cellular themes for the hereditary spastic paraplegias, Current
Opinion in Neurobiology 51, 139 (2018).

[11] G. Gao, C. Zhu, E. Liu, and I. R. Nabi, Reticulon and climp-63 regulate nanodomain organi-
zation of peripheral er tubules, PLOS Biology 17, 1 (2019).

[12] L. K. Schroeder, A. E. Barentine, H. Merta, S. Schweighofer, Y. Zhang, D. Baddeley, J. Be-
wersdorf, and S. Bahmanyar, Dynamic nanoscale morphology of the ER surveyed by STED
microscopy, Journal of Cell Biology 218, 83 (2018).

[13] L. G. Leal, Advanced Transport Phenomena: Fluid Mechanics and Convective Transport Processes

(Cambridge University Press, Cambridge, UK, 2007).

[14] E.F. Koslover, C. K. Chan, and J. A. Theriot, Cytoplasmic flow and mixing due to deformation
of motile cells, Biophysical Journal 113, 2077 (2017).

[15] M. E. Fisher and A. B. Kolomeisky, The force exerted by a molecular motor, Proceedings of
the National Academy of Sciences 96, 6597 (1999).

[16] F. Jilicher, A. Ajdari, and J. Prost, Modeling molecular motors, Rev. Mod. Phys. 69, 1269
(1997).

[17] S. C. Al-Izzi, G. Rowlands, P. Sens, and M. S. Turner, Hydro-osmotic instabilities in active
membrane tubes, Phys. Rev. Lett. 120, 138102 (2018).

[18] Y. Guo, D. Li, S. Zhang, Y. Yang, J.-J. Liu, X. Wang, C. Liu, D. E. Milkie, R. P. Moore,
U. S. Tulu, D. P. Kiehart, J. Hu, J. Lippincott-Schwartz, E. Betzig, and D. Li, Visualizing
intracellular organelle and cytoskeletal interactions at nanoscale resolution on millisecond
timescales, Cell 175, 1430 (2018).

[19] L. Heinrich, D. Bennett, D. Ackerman, W. Park, J. Bogovic, N. Eckstein, A. Petruncio,
J. Clements, S. Pang, C. S. Xu, and et al., Whole-cell organelle segmentation in volume

electron microscopy, Nature 599, 141-146 (2021).

46


https://doi.org/10.1073/pnas.96.12.6597
https://doi.org/10.1073/pnas.96.12.6597
https://doi.org/10.1103/RevModPhys.69.1269
https://doi.org/10.1103/RevModPhys.69.1269
https://doi.org/10.1038/s41586-021-03977-3
https://doi.org/10.1101/2023.01.11.523552

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.11.523552; this version posted October 21, 2023. 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.

[20] Y. Wu, C. Whiteus, C. S. Xu, K. J. Hayworth, R. J. Weinberg, H. F. Hess, and P. De Camilli,
Contacts between the endoplasmic reticulum and other membranes in neurons, Proceedings
of the National Academy of Sciences 114, 10.1073/pnas.1701078114 (2017).

[21] https://imagej.nih.gov/ij/.

[22] G. K. Batchelor, An Introduction to Fluid Dynamics (Cambridge University Press, 1967).

[23] K. Alim, G. Amselem, F. Peaudecerf, M. P. Brenner, and A. Pringle, Random network peri-
stalsis in physarum polycephalum organizes fluid flows across an individual, Proc. Natl. Acad.
Sci. USA 110, 13306-13311 (2013).

[24] R. J. Wilson, Introduction to graph theory (Prentice Hall, 2015).

[25] M. T. Goodrich and R. Tamassia, Algorithm design and applications (Wiley, 2015).

[26] G. K. Batchelor, Developments in microhydrodynamics, in

Theoretical and Applied Mechanics, edited by W. Koiter (North-Holland, Amsterdam,

1976) pp. 33-55.

[27] W. Helfrich, Elastic properties of lipid bilayers: Theory and possible experiments, Zeitschrift
fiir Naturforschung C 28, 693 (1973).

[28] H. A. Faizi, S. L. Frey, J. Steinkiihler, R. Dimova, and P. M. Vlahovska, Bending rigidity of
charged lipid bilayer membranes, Soft Matter 15, 6006 (2019).

[29] https://fiji.sc/.

[30] https://commons.wikimedia.org/wiki/File:Endomembrane_system_diagram_notext.

svg.

47


https://doi.org/10.1073/pnas.1701078114
https://imagej.nih.gov/ij/
https://doi.org/doi:10.1515/znc-1973-11-1209
https://doi.org/doi:10.1515/znc-1973-11-1209
https://fiji.sc/
https://commons.wikimedia.org/wiki/File:Endomembrane_system_diagram_notext.svg
https://commons.wikimedia.org/wiki/File:Endomembrane_system_diagram_notext.svg
https://doi.org/10.1101/2023.01.11.523552

	Fluid mechanics of luminal transport in actively contracting endoplasmic reticulum
	Abstract
	Introduction
	Results
	Tubule contractility-driven ER luminal motion yields inadequate transport kinetics
	Tubule pinching-induced transport is network geometry independent and fails to facilitate luminal homogenisation 
	Theoretical analysis of advection due to a single pinch explains weak pinching-induced transport
	Marginal addition of coordinated contractility to luminal transport 
	A combination of high frequency and pinch length is required to replicate experimental particle speeds
	Luminal transport kinetics derived from contractile ER tubular junctions and sheets. 

	Discussion
	Methods
	Network modelling
	Pinch modelling
	Hydrodynamic modelling
	Hydrodynamics of network
	Hydrodynamic model for a pinch

	Solving the hydrodynamic network model
	Kirchhoff's First Law (K1)
	Kirchhoff's Second Law (K2)
	Pressure boundary conditions at exit nodes

	Simulating particle transport
	Data processing: instantaneous speeds and average edge traversal speeds
	Incorporating slip boundary conditions
	Estimate of forces required for pinches 
	Modelling of alternative flow generation mechanisms
	Experimental estimates of junction volumes
	Mathematical modelling of contractions of tubular junctions
	Mathematical modelling of contractions of perinuclear sheets
	Experimental estimates of volumes of peripheral sheets

	Derivation of theoretical bounds for active flows driven by pinching tubules
	Advection due to a single pinch
	Extension to nonlinear interactions between two pinches


	Supplementary Figures
	Acknowledgments
	References


