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A common mechanism for intracellular transport is the controlled shape
transformation, also known as pearling, of membrane tubes. Exploring how tube
pearling takes place is thus of quite importance to understand the bio-functions of
tubes, but also promote their potential biomedical applications. While the pearling
mechanism of one single tube is well understood, both pathway and mechanism of

pearling of multiple tubes still remain unclear. Herein, by means of computer

simulations we show that the tube pearling can be mediated by the inter-tube adhesion.

By increasing the inter-tube adhesion strength, each tube undergoes a discontinuous
transition from no pearling to thorough pearling. The discontinuous pearling transition
is ascribed to the competitive variation between tube surface tension and extent of
inter-tube adhesion. Besides, the final pearling instability is also affected by tube
diameter and inter-tube orientation. Thinner tubes undergo inter-tube lipid diffusion
before completion of pearling. The early lipid diffusion reduces the extent of
inter-tube adhesion and thus restrains the subsequent pearling. Therefore, only partial
or no pearling can take place for two thinner tubes. For two perpendicular tubes, the

pearling is also observed, but with a different pathway and a higher efficiency. The

finite size effect is discussed by comparing the pearling of tubes with different lengths.

It is expected that this work will provide new insights into the mechanism of
membrane tube pearling, but also shed light on the potential applications in

biomaterials science and nanomedicine.
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1 Introduction
Lipid membranes are essential for compartmentalization of cells and organelles. One
of the characteristic morphologies of lipid membranes is the membrane tube, which
plays an important role in a variety of cellular activities, like intracellular transport,'
intercellular communication,”® and storage of excess membrane area.”® In recent
years, both pathway and mechanism of membrane tube formation and subsequent
shape transformation have become a very active field of study.

In vivo, membrane tubes are pulled by motor proteins or induced by membrane
deformations.”® In experiments, membrane tubes can be formed by application of an
external force, which can be accomplished via optical or magnetic tweezers,” "

1617 or hydrodynamic flow."® To our knowledge, the

micropipette aspiration,
mechanism of membrane tube formation is extremely diverse in reality. Besides the
intrinsic membrane properties, like membrane tension, spontaneous curvature,
membrane asymmetry and membrane bending rigidity, both formation and
stabilization of membrane tubes require the participation of relevant proteins. One
typical example is the membrane mediated aggregation of Nematogens, which can
both induce and stabilize the membrane tubulation."” The linear aggregation of
nanoparticles on membrane surface can also induce the membrane tubulation.”**' The
detailed molecular structure of membrane tether formation was reported by Tieleman
and his co-workers with Molecular Dynamics simulations.”> By Monte Carlo
simulations, the force barriers for membrane tube formation were measured by Koster
et al.”

Once membrane tubes form, both functions and subsequent fate will be strongly
affected by their shape transformation, also known as pearling. In recent years, the
mechanisms of membrane tube pearling have been widely investigated both
experimentally and theoretically. In general, external interventions are required to
induce the membrane tension that can overcome the restoring bending energy. In
experiments, the induced tension can be realized by a variety of methodologies.

Bar-Ziv and Moses first discovered that the stability of membrane tubes is lost if

subjected to an optical tweezer.* They demonstrated that the membrane tube pearling
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is a competition of membrane tension and membrane curvature. Subsequently, the
tension-driven pearling induced by other factors, like magnetic or electric field,”>*°
and osmotic perturbation’””® has been reported. Besides the membrane tension,

: o 29,30
another parameter to drive tube pearling is the spontaneous membrane curvature,””

3132 and nanoparticle adsorption.” Our

which can be generated by polymer anchorage
previous simulations showed that the tube pearling can be accomplished by increasing
the inner water pressure and strongly affected by nanoparticle adsorption on the outer
leaflet.**

It is noteworthy that biological membranes often form highly dynamic tubular
networks.” One typical example is the Endoplasmic Reticulum that relies on an
elaborate tubular membrane network to transport proteins inside the cell. Generally,
these tubes are highly dynamic for achieving controllable material transport, moving
rapidly and pearling and fusing frequently.”>*® Besides, adjacent animal cells were
found to be connected by long cylindrical membrane tubes, which play important
roles in the intercellular communication.’’ When two membrane tubes meet, the
inter-tube adhesion from lipid molecules or specific proteins may induce tube fusion
or pearling. For example, recent in vitro experiments showed that the bending
instability of a membrane tube could be induced by mechanical adhesion to
neighboring tube.* Three-way junctions was also observed when two tubes from the
same vesicle were brought close to each other.*'** Nevertheless, the question of how
inter-tube interaction affects the pearling instability still remains largely unsolved.

Our present work is thus motivated by these facts, aiming to elucidate the
interaction between two adhering membrane tubes. To this end, two adhering
membrane tubes, either parallel or perpendicular with each other, are constructed. By
performing both explicit and implicit solvent Dissipative Particle Dynamics (DPD)
simulations, we show that the tube pearling can be mediated by the inter-tube
adhesion. A number of factors, like inter-tube adhesion strength, tube diameter, and

inter-tube orientation, are determinants to the final pearling instability.

2 Models and simulation methods
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2.1 Models

Fig. 1 shows the summary of system components used for the simulations. A number
of membrane tubes with different diameters (D = 20 nm, 28 nm, 36 nm) are
constructed (Fig. 1A-C). The simulation box sizes are set to 115 nm % 75 nm x 75 nm
and 75 nm % 115 nm X 75 nm for two parallel and perpendicular membrane tubes,
respectively. In this work, the lipid molecule is represented by the H; T3 model, where
H and T denote the hydrophilic lipid head and hydrophobic lipid tails, respectively
(Fig. 1D, E). The H; T3 lipid model was first introduced to investigate the dynamics of
domain growth in multi-component lipid vesicles.” Recently, we applied this model
to simulate pearling of a single membrane tube.** Here, we prepare each membrane
tube by initially arranging a number of lipids in a defined cylindrical surface. In order
to eliminate the effects of predefined initial configuration and balance the pressure
difference across the membrane, each tube is relaxed at a higher temperature for
50000 time steps, and then annealed slowly from 7 = 2.0 to 7 = 1.0. After 100000
time step equilibrium simulation, two membrane tubes are brought together. In order
to distinguish the lipids belonging to different membrane tubes, the hydrophilic beads
(Hi, Hy) and hydrophobic beads (T, T,) of lipid in different tubes are represented by
different colors (Fig. 1E, E). All simulations are performed in the NV'T ensemble with
constant particle number N, simulation box volume V, and temperature 7. The
periodic boundary conditions are adopted in three directions.

We notice that the relative short tube length in our simulation might induce the
finite size effect that affects tube-vesicle transformation. In order to confirm that our
simulations are free from this effect, we first simulated pearling of a single tube with a
diameter of 28 nm. To accelerate tube pearling, we artificially transferred a number of
water beads from outside to inside,”* and found that no transformation from tubes to
vesicles occurs under lower inner water pressure. Under higher inner water pressure,
the cylindrical tubes finally transit to vesicles. Importantly, after pearling occurs, no
inverse transformation from vesicles to tubes has been observed after a long
simulation time. This implies that the finite size effect plays a minor role in our

simulation results.
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2.2 Explicit solvent DPD method

The coarse-grained molecular dynamics simulations adopted in this work are based on
the DPD technique, a Lagrangian method developed to simulate hydrodynamic
behavior of complex fluids.***® Recently, DPD has been successfully and widely used

*77 1n DPD, the elementary units

to study the mesoscale behavior of lipid membranes.
are soft beads whose dynamics are governed by Newton’s equation of motion dv;/d¢ =
fi/m. Typically, there are three types of pairwise additive forces acting on bead i by
bead j: the conservative force, the dissipative force, and the random force.

The conservative force used to model the repulsive interaction of beads i and j is

determined by

C_ 7 —
Fy = ayf; max{l—r, /7, 0} (1)
where r;;= || is the distance between beads i and j, 7; = ry/|ry| is the unit vector, r. is
the cut off radius of the force, and a,represents the maximum repulsive strength

between beads i and j. For any two beads of the same type, we take the repulsive
parameter a; = 25, and for any two beads of different types, we set the interaction
parameter to denote the hydrophilic/hydrophobic property of the beads as follows: a;;
= 25 if the two beads are both hydrophilic or hydrophobic, while a;;= 200 if one is

hydrophilic and the other is hydrophobic. In order to model the inter-tube adhesion,

we set the interaction parameter a,, < 25 and vary its value to regulate the

inter-tube adhesion strength. Note that when exploring NP-membrane interaction by
DPD simulations, Guo et al. demonstrated that the value of -0.31 kBT/rC2 yields a
close agreement between simulations and theoretical analysis.”® As we applied the
similar simulation method and parameter set, the value of -0.31 kBT/rC2 can thus
approximately represent the relatively strong inter-tube adhesion in the present work.
Although some atomic details are sacrificed in the coarse-grained DPD method, the
essential features of the system are reproduced by the simulation model and the

34,43
parameter set.” "
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The dissipative force has the form,
D _ 2/~ ~
By ==y = 1) (5 v T, @)
where y is the friction coefficient, v, =v,-v,(v,andv, are their velocities).

The random force also acts between each pair of particles as

R _ 20 ~
Fy =—o(l-r, /1) G;F; ©)
where o represents the noise amplitude, and ¢, is an uncorrelated random

variable with zero mean and unit variance.
For lipid molecules, we use a harmonic bond between neighboring beads to ensure
the integrality of lipids:
F; =K (rij - req)f;'j “4)

where K is the spring constant and 7., is the equilibrium bond length. The numerical
value of Ky and r., used for our simulations are 128.0 and 0.7, respectively. The force

constraining the variation of the bond angle is given by

F,=-VU, and U,=K (1-cos(p—-9,)) 5)
where ¢, issetto 7 and K, the bond bending force constant, is set to 10.0. The

time evolutions of systems were obtained from a modified version of Velocity-Verlet

algorithm with a time step of A¢ =0.02.

2.3 Implicit solvent DPD method

In order to reduce the size effect of our observations, we simulate pearling of
membrane tubes with much longer lengths. To speed up the simulations and expand
the simulation system, an implicit solvent DPD method was adopted in this work.***

In the solvent free model, an attractive force between two hydrophobic beads

belonging to lipids was chosen in accordance with the approach of Cooke et al.”®:

0 else
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where ¢ 1is the attraction energy in units of k,7 andwis the typical length scale of

the attraction.

Since the simulation model is solvent free, we are able to simulate membrane tubes
without volume constraint. This scenario corresponds to a long experimental time
scales during which the leakage of tube content occurs. To include the volume
constraint during pearling of membrane tubes, instead we fill each tube with “cargo”
beads, which not only mimic the volume constraint due to solvent, but provide a
pressure difference across the membrane.”’ These cargo beads possess purely
repulsive interactions with the hydrophobic part of lipids and interact with hydrophilic
beads of lipids effectively as lipid heads. The cargo-cargo interaction is set to the
same as the lipid head-“cargo” interaction, i.e., no effective interaction between
“cargo” beads. The pressure difference across the membrane can thus be modulated

by varying the number of “cargo” beads inside the tube.

3 Results and discussion

3.1 Three types of pearling instabilities

First, we adopt explicit solvent DPD method to simulate pearling of two shorter
adhering membrane tubes. Here, the tube diameters and tube lengths are set to DI =
D2 =28 nm and L/ = L2 = 75 nm, respectively. As we gradually increase the
inter-tube adhesion strength, three types of pearling instabilities, namely no pearling,
thorough pearling and pearling division, are observed. Specifically, no pearling refers
to the state of stable tube-tube adhesion with no indication of pearling at all. For
thorough pearling instability, each membrane tube is finally divided by two vesicles
which are connected by a short cylindrical micelle. When each membrane tube finally

transits to a separate vesicle, we define the pearling instability as pearling division.
No pearling. First, we set the interaction parameter to a,, , = 14. Under such weak
inter-tube adhesion, two tubes just keep adhering with each other but no obvious

shape transformation is observed during the simulation (Fig. 2A). The extent of

inter-tube adhesion is reflected by the evolution of inter-tube contact number (Fig.
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2B). After a drastic increase, the inter-tube contact number keeps fluctuating around
the value of 1900. Besides, we calculate the surface area of each membrane tube. It is
found that the tube surface area keeps fluctuating around the value of 5150 nm? (Fig.
2C). Our previous simulation work have shown that the tube pearling is generally
accompanied by a striking decrease of the tube surface area.”* In the present case,
nearly no change of tube surface area further confirms no tube pearling under weak
inter-tube adhesion.

Theoretically, the pearling of two adhering tubes is similar with that of one separate
tube. It has been demonstrated that the tube pearling is a competition of membrane
tension and membrane curvature.”* For two adhering tubes, the tension increase
responsible for tube pearling is derived from the inter-tube adhesion. To increase the
inter-tube adhesion area, each tube undergoes a finite deformation in the cross section
(Fig. S1). For cylindrical tubes with constant volume, the tube deformation increases
the tube surface area and thus increases the membrane tension. On a molecular level,
the increase of inter-tube adhesion area is also accomplished via directed lipid
diffusion from non-contact region to the inter-tube contact region. The directed lipid
diffusion decreases the lipid density in the non-contact region and thus further
increases the local membrane tension. In our previous work, we have found that
vesicles undergo rupture when strongly adhering on a planar membrane.” The vesicle
rupture was ascribed to the high tension induced by both vesicle deformation and
directed lipid diffusion. This is quite similar with our present case, in which the

tension of both tubes is increased by inter-tube adhesion. Nevertheless, under such
weak inter-tube adhesion strength (a,, , = 14), the resultant tension increase does not
balance the membrane curvature. Therefore, no obvious pearling for two membrane
tubes takes place. We accordingly refer the specific pearling instability as no pearling.

Thorough pearling. We speculate that a higher extent of tube pearling may take

place if we increase the inter-tube adhesion strength. Indeed, as we decrease the

interaction parameter from a,, =14 to a,, =8, a higher extent of pearling, namely

thorough pearling is observed (Fig. 3A). The higher extent of inter-tube adhesion is
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reflected by a larger inter-tube contact number (Fig. 3B). As analyzed above, the
tension increase by higher extent of inter-tube adhesion is more striking and thus can
overcome the membrane bending energy for tube pearling. It should be noted that
once tube pearling is initiated, the tension of both membrane tubes is somewhat
released. The released tension thus further makes the inter-tube contact number
continues to increase (Fig. 3B, t > 200000). Therefore, the tube pearling will not
terminate until the thorough pearling is completed. Here, the thorough pearling of two
tubes is reflected by a striking decrease of tube surface area (Fig. 3C).>* We note that
recent in-vitro experiment demonstrated that the bending instability of a membrane
tube could be induced by mechanical adhesion to the neighboring tube.** Our
simulations of tube pearling by inter-tube adhesion support the experimental results
and furthermore provide a theoretical explanation for these experimental observations.

It should be noted that pearling of single membrane tubes is axisymmetric and the
pearled tube surface can thus be described by a sinusoidal curve.”* For two adhering
tubes, however, the axisymmetric pearling shape is strongly perturbed by the
inter-tube adhesion. In more detail, the whole shape of two adhering tubes gradually
develops into a cylinder to minimize the surface tension as the pearling proceeds (Fig.
3A, t = 250000). But the shape of each pearled tube gradually changes to be
polygon-like. The pearling shapes of two adhering tubes are complementary with each

other to maximize the inter-tube adhesion (Fig. 3A).

In fact, as we slowly decrease the interaction parameter from a,,, =14 to a,, =

8, the transition from no pearling to thorough pearling is not continuous. In other
words, no intermediate pearling instability is observed when 8 <a, , < 14. The
discontinuous pearling transition is well reflected by the equilibrium surface area of

two adhering tubes as a function of the interaction parameter (Fig. 4A). Specifically,

the equilibrium surface area keeps nearly unchanged when the interaction parameter

ayy 1s larger than 8.0. Once the value of a,, is decreased from 8.1 to 8.0, the

equilibrium surface area suddenly decreases from 5170 nm® to about 4400 nm®.

Accordingly, the discontinuous transition from no pearling to thorough pearling is
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observed.

We interpret the discontinuous pearling transition as a result of the complicated
competition between tube surface tension and inter-tube adhesion. On one hand,
maximizing inter-tube adhesion energy is accomplished by increasing the inter-tube
contact area. In the early stage, the sudden increase of inter-tube contact area is
mainly realized by tube deformation (Fig. S1). Afterwards, lipid molecules from
non-contact region tend to diffuse and gather at the inter-tube contact region. The tube
deformation as well as the directed lipid diffusion increases the tension of both tubes.
Once the tension exceeds a critical value, it balances the membrane curvature and thus
drives the subsequent pearling transition. On the other hand, the tube pearling is
accompanied by a striking decrease of tube surface area, which means some extent of
tension release (Fig. 3C). Once the tension is somewhat released, the inter-tube
contact area would further increase and thus leads a higher extent of tube pearling
(Fig. 3B, t > 200000). It is speculated that the competition process would not
terminate until thorough pearling is completed for both tubes.

To further understand the discontinuous pearling transition of two adhering tubes,
we then simulate pearling of a single tube. In order to accomplish the tube pearling, a
certain amount of solvent particles are transferred from outside to inside of the tube.
The membrane tension can thus be indirectly modulated by varying the inner water
pressure.34 After simulation completes, the average tube surface area is calculated
under different inner water pressure. According to Fig. 4B, the average tube surface
area decreases continuously with the inner water pressure. This suggests that the
pearling transition for a single membrane tube is continuous. We analyze that once the
tension of one single tube is released by pearling it will not be increased again during
the whole pearling process. This is different from the case of two adhering tubes, for
which the released tension by tube pearling can further promote the inter-tube
adhesion to a higher extent. In return, the tension can further be increased by higher
extent of inter-tube adhesion. Therefore, the pearling proceeds until thorough pearling
completes. Nevertheless, we must admit that direct comparison between Fig. 4A and

Fig. 4B is not meaningful. This is because the inter-tube adhesion strength for two
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adhering tubes and inner water pressure for a single tube both determine the tube
surface tension, but in different ways.

Pearling division. After thorough pearling completes, each membrane tube is
divided into vesicles, which are connected by a short cylindrical micelle (Fig. 3A).
For a single membrane tube, we have shown that the only pathway for pearling
division is the micelle fission, which can be accomplished via nanoparticle adsorption
on the outer membrane surface.*® It was analyzed that the nanoparticle adsorption can

exert extra membrane tension, which was then released by subsequent pearling

division. Here, when we fix the interaction parameter to a,, = 8, the thorough

pearling takes place while no pearling division is observed during our simulation (Fig.

3). We speculate that a higher tension increase is required for the subsequent pearling

division. Indeed, as we further decrease the interaction parameter to a, , = 4, the

thorough pearling finally develops to the pearling division (Fig. 5A, Movie S1).

In our simulations, the pearling division of two adhering tubes is both

thermodynamically and dynamically related. Energetically, lower value of a,,

leads to a higher extent of inter-tube adhesion, which further results in a higher
increase of membrane tension for both tubes (Fig. 5B). The higher tension increase is
indirectly reflected by a larger inter-tube contact number after thorough pearling
completes (Fig. 5B, t = 150000). After a short equilibrium, both tubes undergo the
pearling division, which is accompanied by a striking increase of tube surface area
(Fig. 5C). This is different from that of a single tube, the pearling division of which is
reflected by a striking area decrease.>® The opposite trend is because we calculate the
tube surface area by cutting each membrane tube into a number of slices and summing
the area of each slice. Therefore, the sudden increase of calculated tube surface area is
ascribed to the inter-tube lipid diffusion (Fig. SA, t = 200000). Theoretically, when
lipids of two tubes are completely mixed, the real tube surface area will be half of the
final calculated value for each tube. In other words, the tube surface area after
pearling division is about 3500 nm?, which is much smaller than that after thorough

pearling completes (Fig. 5C). Therefore, the final pearling division of two adhering
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tubes further releases the tube surface tension and is thus energetically favorable.
Dynamically, the pearling division is accomplished via inter-tube fusion, which is first
initiated at the point of contact between the cylindrical micelle of one tube and the
membrane of the other tube (Fig. 5A, t = 200000). Besides, once the inter-tube fusion
onsets the inter-tube lipid diffusion would continue until the lipids of two tubes are
completely mixed. After the inter-tube fusion completes, both tubes finally transform
to two adhering vesicles (Fig. SA, t =300000).

In order to verify the critical role of inter-tube fusion in pearling division, we

purposely vary the interaction parameter between hydrophobic tails of lipids

belonging to different tubes. As we increase the interaction parameter to a;, = 200,

the inter-tube fusion is artificially restrained (Fig. 6). As a result, the thorough
pearling turns to be stable and no pearling division is observed during our simulation.
This suggests that for two parallel membrane tubes, the inter-tube membrane fusion is

the only way to realize transition from pearling to pearling division.

3.2 Effect of tube diameter on pearling
In the above section, we have shown that by varying the inter-tube adhesion strength
three different pearling instabilities, namely no pearling, thorough pearling and
pearling division, can take place. The inter-tube adhesion is interpreted to increase the
tube surface tension, which overcomes the membrane bending energy and leads to the
pearling transition. Besides the inter-tube adhesion strength, our simulations suggest
that the final pearling instability is also affected by the tube diameter.

Restrained pearling of two thinner tubes. First, we decrease the tube diameters

from D/ = D2 =28 nm to D/ = D2 = 20 nm. The interaction parameter representing

the inter-tube adhesion strength is set to a,, = 8, under which two adhering tubes

with diameters of 28 nm undergo thorough pearling (Fig. 3). However, this is not the
case for two thinner membrane tubes. According to the typical snapshots, the final
pearling of two thinner tubes is not thorough but partial (Fig. 7A). The partial pearling

refers to the intermediate state between no pearling and thorough pearling. In more
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details, each tube undergoes a slight deformation but with no tube-vesicle
transformation. Besides the tube diameter of 20 nm, we further simulate two thinner
tubes with diameter of 15 nm under the same inter-tube adhesion strength. Importantly,
no pearling is observed during the simulation (Fig. S2).

We analyze that decreasing tube diameter has two aspects of effect. One is to
reduce the extent of membrane tube deformation (membrane bending energy
dominated). The reduced membrane deformation leads to a lower extent of inter-tube
adhesion (Fig. 7B), which further results in a lower increase of membrane tension.
The other effect is that the inter-tube lipid diffusion is always observed for two thinner
membrane tubes before tube pearling (Fig. 7A, t = 50000). Once the inter-tube lipid
diffusion is initiated, the inter-tube contact number roughly increases linearly until the
lipids of both membrane tubes are completely mixed (Fig. 7B). According to the
linear increase of inter-tube contact number, we approximately measure the lipid
diffusion constant across the tube as 0.03 lipids/step. We should note that the
inter-tube lipid diffusion constant is affected by a number of factors, like tube
diameter and inter-tube adhesion strength. In our simulations, the early inter-tube lipid
diffusion effectively reduces the real extent of inter-tube adhesion. More generally,
whether higher extent of tube pearling can take place is determined by competition
between pearling time and inter-tube lipid diffusion time.

Here, we should distinguish two interaction pathways. One is the inter-tube lipid
diffusion and the other is the inter-tube fusion. Although both pathways are featured
by lipid movement from one tube to the other tube, only inter-tube fusion furthermore
induces the topological change of the interacting tubes. Comparatively, inter-tube
lipid diffusion generally occurs only for two thinner adhering tubes, which contrarily
restrains tube pearling.

It should be pointed out that the inter-tube lipid diffusion is always initiated at front
of the inter-tube adhesion (Fig. 7A, t = 50000). The preferential lipid diffusion
location is ascribed to the fact that the inter-tube lipid diffusion is mediated by lipid
tail protrusion. It has been shown both theoretically and experimentally that the lipid

tail protrusion is enhanced for highly curved system.®”®* For example, recent
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experiment demonstrated that membrane insertion of NPs mediated by lipid tail
protrusion is preferentially initiated at the membrane edge with higher curvature.®”
Besides, both MD and DPD simulations described that vesicle fusion via lipid
protrusion would first take place at locations of high membrane curvature.®>® This is
consistent with our present case in which the local membrane curvature of
tube-tube-water interface is much higher than that of tube-tube interface.
Asynchronous pearling of two tubes with different diameters. We have shown
that the final pearling instability is strongly affected by the tube diameter. Next, we
want to elucidate how diameter difference between two tubes affects the final pearling
instability. This is significant because in reality multiple neighboring tubes generally

have different diameters. Here, we construct two parallel tubes with diameters of D/

=28 nm and D2 = 36 nm, respectively. The interaction parameter is set to «a = %

under which the pearling and pearling division occur successively for two tubes with
diameters of DI = D2 = 28 nm (Fig. 5). As shown in the typical snapshots, the
pearling of two tubes with different diameters is asynchronous (Fig. 8A). After partial
pearling for both tubes (Fig. 8A, t = 80000), the thinner tube first undergoes thorough
pearling and pearling division (t = 200000, 300000). Comparatively, pearling of the
thicker tube lags behind and no pearling division is observed during the simulation.
The asynchronous pearling is well reflected by evolution of tube surface area (Fig.
8C). In the partial pearling stage, the thinner tube surface area has a more striking
decrease than that of the thicker tube (t < 100000). In the late pearling stage, the
thinner tube area undergoes a sudden increase reflecting the tube pearling division,
which is however not found for the thicker tube (t > 280000).

Dynamically, the pearling of each tube is accomplished via local tube shrinkage,
which further transits to a cylindrical micelle and completes the pearling. We have
shown that the pearling of two adhering tube is complimentary with each other.
Therefore, lower pearling efficiency for the thicker tube is because it takes more time
to accomplish the local tube shrinkage. Energetically, the different pearling efficiency

is membrane bending energy dominated. In fact, the effect of diameter on pearling for
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single tubes has been theoretically analyzed by Bar-ziv and Moses.** Their energetic
analysis illustrated that for thinner tubes the transition from cylinder to finite
amplitude peristaltic state is well balanced by the membrane bending energy. Here,
we approximately treat each pearled tube as a number of vesicles which are connected
by cylindrical micelles. Therefore, the membrane bending energy for each pearled
tube can be approximated to a constant. Comparatively, the membrane bending energy
for a tube is strongly affected by the tube diameter, i.e. £, ~ k7h/R, where &, h, and R
represent the membrane bending modulus, tube length and tube radius, respectively.
Therefore, when two tubes with different diameters adhere with each other, the

stability of the thinner tube is first lost and pearling simultaneously takes place.

3.3 Pearling of two perpendicular tubes

It should be noted that in reality multiple membrane tubes adjacent to each other
generally have different orientations. Therefore, understanding how pearling takes
place for two crossed tubes is equally important. Here, we construct two

perpendicular membrane tubes with diameters of D/ = D2 = 28 nm. The interaction

parameter is set to a,, = 8. Before our simulations, it was anticipated that the

pearling for two perpendicular tubes may be less efficient than that of two parallel
tubes. Our anticipation is based on the fact that two perpendicular tubes have much
smaller initial inter-tube contact area.

However, our simulation shows that the pearling of two perpendicular tubes is not
limited but with a higher efficiency (Fig. 9A). In fact, the increase of inter-tube
adhesion area is accomplished via tube deformation along the axial direction, which is
more energetically favorable than that along the radial direction for two parallel tubes
(Fig. 3). After thorough pearling completes, the pearling division of one tube is first
finished via fission of the cylindrical micelle (Fig. 9A, t = 170000), while the other
tube is relatively stable until the pearling division is later initiated (t = 190000).
Besides, the pearling division of the horizontal tube is accomplished via membrane

fusion, similar with that of two parallel tubes.
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Next, we fix the diameter of one tube to 28 nm and decrease that of the other tube
to 20 nm. It is surprising that decreasing one tube diameter facilitates pearling of both
tubes (Fig. 9B). Specifically, pearling division of the thinner tube is first
accomplished via micelle fission at about t = 50000. For the thicker tube, the pearling
division is mediated by inter-tube membrane fusion at about t = 160000. Both
completion time is apparently shorter than that of two perpendicular tubes with
diameters of DI = D2 = 28 nm (Fig. 9A). Moreover, the asynchronous pearling for
two perpendicular tubes further suggests that the pearling division via micelle fission

is more efficient than that via inter-tube membrane fusion.

3.4 Size effect analysis

It is worth noting that the size effect is considerable in our simulations. Specifically,
the tube length is 75 nm, while only a single wavelength of tube pearling fits in the
simulation box. Therefore, our findings may somewhat be affected by the relatively
short tube length. To reduce the size effect, we next adopt the implicit solvent DPD
method to simulate pearling of much longer membrane tubes. The detailed
introduction of the solvent free DPD method is given in Section 2.3.

For comparison, we first simulate the pearling of a single short membrane tube (L
=75 nm, D = 28 nm). As we gradually increase the number of “cargo” beads inside
the tube, the stability is lost when the inner “cargo” number is larger than 2000. This
is qualitatively consistent with our previous simulation work, in which the tube
pearling can be induced by simply increasing the inner water pressure.** According to
the snapshots, only a single pearling wavelength is observed in the simulation box
(Fig. 10A). We ascribe the single short pearling wavelength to the relative short tube
length as well as the periodic boundary condition. To reduce the size effect, we next
fix the tube diameter and increase the tube length. For L = 250 nm, the pearling
wavelength is apparently increased, although still only one tube wavelength fits in the
simulation box (Fig. 10B). As we further increase the tube length to 500 nm, the tube
finally transits to two separate vesicles (Fig. 10C). It is thus evident that the tube

pearling with a single wavelength is ascribed to the size effect, which can be reduced
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by increasing the tube length.

Next, we try to simulate pearling of two long adhering membrane tubes. The length
and inner “cargo” number for each tube are fixed to 500 nm and 3000, respectively. At
the same condition, one separate tube is quite stable during a long simulation time.
For two adhering tubes, surprisingly, the inter-tube adhesion does not induce pearling
in the solvent free simulations (Fig. S7). Comparing with that obtained by explicit
solvent DPD simulations, the tube volume is not maintained during the solvent free
DPD simulation. In more details, each tube undergoes more striking shrinkage to
increase the inter-tube adhesion area. The decreased tube volume reduces the tension
increase, which is thus not capable to balance the membrane bending energy and lead

tube pearling.

4 Conclusions
In summary, we have applied the DPD simulation method to systematically
investigate the interaction between two adhering membrane tubes. We found that
inter-tube adhesion can increase membrane tension, which balances the membrane
curvature and thus leads to tube pearling. By varying the inter-tube adhesion strength,
three different pearling instabilities are observed. They are no pearling, thorough
pearling and pearling division. Besides, the final pearling instability is affected by
tube diameter and inter-tube orientation. Specifically, decreasing tube diameter has
two restraining effects on the pearling transition. One is the restrained tube
deformation, and the other is the early stage inter-tube lipid diffusion. For two parallel
tubes with different diameters, the pearling is asynchronous. For two perpendicular
tubes, surprisingly, the pearling can also take place but with a different pathway and
higher efficiency compared with that of two parallel tubes. The finite size effect can
be reduced by increasing the tube length. Finally, our simulation observations are well
supported by a simple energetic analysis.

We expect that our simulations have implications to both bio-distribution and

bio-function of membrane tubes. For example, it has been known that membrane
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tubes play a role in membrane trafficking by destabilized or scissioned to vesicles.
Our simulations thus suggest that strong inter-tube adhesion can promote the
transformation from tubes to vesicles and thus facilitate the trafficking process. We
should point out that in reality multiple membrane tubes meeting with each other
usually have different sizes, orientations and surface properties. Therefore, the
pearling process of multiple membrane tubes should be much more complex. We hope
that further experiments can be inspired by our simulations to further elucidate the
pearling mechanism of multiple adhering membrane tubes. This will be of quite
importance to both understand the biological function of membrane tubes and develop

new biomaterials for applications in the field of nanomedicine.
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Fig. 1 Summary of system components used for the simulations. (A-C) Vertical

membrane tubes with the diameter of D = 20 nm, 28 nm and 36 nm, respectively. (D,

E) H,T; lipid model belong to different membrane tubes.
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Fig. 2 No pearling of two adhering membrane tubes. The diameter of both tubes are

D1 = D2 = 28 nm. The interaction parameter representing the inter-tube adhesion

strength is set to a,, , = 14. A shows the typical snapshots, and the inset shows the

cross section of each tube. B shows the time evolution of contact number between two

tubes. C shows the time evolution of surface area of both tubes.
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Fig. 3 Thorough pearling of two adhering membrane tubes. The diameter of both

tubes are DI = D2 = 28 nm. The interaction parameter representing the inter-tube
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adhesion strength is set to a, , = 8. A shows the typical snapshots, and the inset

shows the cross section of each tube. B shows the time evolution of contact number

between two tubes. C shows the time evolution of surface area of both tubes.
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Fig. 4 Equilibrium surface area of membrane tubes as functions of inter-tube adhesion

strength of two tubes (A) and inner water pressure of a single tube (B). The diameter

of both membrane tubes are DI = D2 =28 nm.
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Fig. 5 Pearling division of two adhering membrane tubes. The diameters of both tubes
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are DI = D2 = 28 nm. The interaction parameter representing the inter-tube adhesion
strength is set to a, , = 4. A shows the typical snapshots, and the inset shows the
cross section of each tube. B shows the time evolution of contact number between two

tubes. C shows the time evolution of surface area of both tubes. The inter-tube fusion

is labeled by two black arrows.
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Fig. 6 Thorough pearling without subsequent pearling division of two adhering

membrane tubes. The diameters of both tubes are DI = D2 = 28 nm. The interaction

parameter representing the inter-tube adhesion strength is set to a,, = 4. The

interaction parameter between hydrophobic tails of lipids in different tubes is set to

a; = 200.
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Fig. 7 Partial pearling of two thinner adhering membrane tubes. The diameters of both

tubes are DI = D2 = 20 nm. The interaction parameter representing the inter-tube
adhesion strength is set to a, , = 8. A shows the typical snapshots, and the inset
shows the cross section of each tube. The inter-tube lipid diffusion first occurring at

the tube-tube-water interface is labeled by a black arrow. B shows the time evolution

of contact number between two tubes.
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Fig. 8 Pearling process of two adhering membrane tubes with different diameter. The

diameters of both tubes are D/ =36 nm and D2 = 28 nm, respectively. The interaction
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parameter representing the inter-tube adhesion strength is set to a, , = 4. A shows

the typical snapshots, and the inset shows the cross section of each tube. B shows the
time evolution of contact number between two tubes. C shows the time evolutions of

surface area of both tubes.
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Fig. 9 Pearling process of two perpendicular membrane tubes. The diameters of both

tubes are D/ = D2 =28 nm (A) and DI = 28 nm, D2 = 20 nm (B), respectively. The

interaction parameter representing the inter-tube adhesion strength is set to a wa, = 4

The inter-tube fusion is labeled by two black arrows.
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Fig. 10 Pearling process of a single membrane tube via the implicit solvent DPD
method. The tube diameter is fixed to 28 nm. The tube length and inner “cargo”
number are set to L = 75 nm and N;,= 2000 (A), L =250 nm and N;, = 4000 (B), and

L =500 nm and N;, = 6000 (C), respectively.



