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Vesicle deformation by microtubules: A phase diagram
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The experimental investigation of vesicles deformed by the growth of encapsulated microtubules shows that
the axisymmetric morphologies can be classified into ovals, lemgngherries, dumbbells, and pearls. A
geometrical phase diagram is established. Numerical minimization of the elastic energy of the membrane
reproduces satisfactorily well the observed morphologies and the corresponding phase diagram.
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The description of cells in terms of a hierarchy of inter- tion for 2 h. This lamellar phase is then rehydrated during 2
acting systems has brought about a better understanding bfon ice by 25ul of the tubulin solution(the final tubulin
some mechanisms of their behavior, together with questiongoncentration isc=1.3—-4 mg/ml). Some experiments are
about the physics of biological objects. In particular, the cy-Performed with 1% rhodamine-labeled tubulipurchased
toskeleton is made of polymers that have an interesting mdtom Cytoskeleton, Denveradded to the tubulin in order to
chanical behavior, at a scale inaccessible to common mé&heck by fluorescence the location of the microtubules. The
chanical systems. In this paper we are interested yESIcle solution is pipetted out of the tube and left on ice for
microtubules, which are thin, rigid, dynamical filamefis, %neOtr?qirn:]t?r:;g]sorgggfﬁfjggnvoao:‘(?rois:gliﬁ rgtog,%%}:(z)s\};on of
g‘}”}:ﬁ‘gﬁg’:}? %Tg |0r: ti?ﬁrgggﬁl:g rn;'g#ﬂltﬁqiln\igfﬁé?]eg%a?heywhich reass_embles in the pellet the high lamellarity vesiples
also have been shown to be crucially related to cell motilit or phospholipid aggregates. 15 of the supernatant are di-

h h th ; £ 1h Wh h " Yiuted 5 times in NaCl, 150 M: The osmolarities of the
through the centering of the centrosofi®d. When the cell ;1o and outer solutions are the same, but the observation is
membrane is modified so as to be less rigdépolymeriza-

. , - X . made easier owing to the increase of the contrast of the
tion of cortical actin [3], it has been observed that long, thin yesicles under the microscope and their sedimentation at the
extensions of the membrane develop, giving rise 10 MOryottom of the observation chamber. This solution, transferred
phologies resembling the lettgr. This phenomenon is due into a glass observation chamber made of a microscope slide
to the action of microtubules growing across the cell andand coverslip spaced and sealed by a Af®thick Parafilm,
deforming the membrane while being brought together into & observed by phase contrast or fluorescence microscopy
bundle. The same effect has been observed in simpler syg-eica) on a homemade water flow thermalized stage, the
tems[4,5] where microtubules are forced to polymerize intemperature of which is set to 22 «I'<40 °C. A charge
phospholipid vesicles. In particular, it has been shown theoeouple device video camera, for phase contrast, or an inten-
retically in Ref.[5] that the¢ shape was more stable than an sified tube camergLHESA, Cergy-Pontoise, Frangefor
oval for long enough microtubules. It is tempting to gener-fluorescence, is adapted on the microscope and the pictures
alize this approach and attempt to establish a phase diagra@e recorded on a video tape and sent to a computer for
which would classify all the experimentally observable mor-Processing. Homemade image processing software based on
phologies, on a physical basis. This is the aim of this papeNIH IMAGE [7] allows us to measure the geometrical param-
In the experiments, tubulin is purified from porcine brain &ters of the ve5|cle$_su5face, v_qum”e, etg. assuming the
by three cycles of cold/hot centrifugation and then by elimi-OPIECt is axisymmetric “by portions.

nation of associated proteins by an ion exchaf@espho- A few minutes after the solution [s set to the Qperating
celluloss column[6]. The final solution is 4 mg/ml tubulin temperaturd’, the microtubules grow inside the vesicles and

: : : - eventually deform a reasonable proportion of the liposomes.
Il{l]Na}-t?ilsj[ﬁzithC:rrnrs]Elc;gﬁicjc gimlog mplggsTl&pTeetLazlgnnee For unclear reasons, the best resyligghest ratio of the
I' -bi inoethvl eth N’N N’ N'-tet ’ y number of deformed vesicles to the total number of vesicles
o o S ovmmatind S S obained n 3 natow range arould22°C. ande

' =2.5 mg/ml. Depending on the ratio of the initial ra
pH=6.9. The phospholipids used here are synthetic: It is J P g &

. 0 i &f the vesicle to the length of the microtubule bundle, one
mixture of 40% DOPS1,2-dioleoylsn-glycero-3tphospho-  can optain different equilibrium vesicle shapes. The use of

L-serind, which has a negatively charged head and preventge term “equilibrium shape” is justified here because the
tubulin from sticking to the membraheand 60% DOPC  growth velocity of microtubules is micrometers per seconds
(1,2-dioleoylsn-glycero-3-phosphocholine, which has a neu-[1], while the lowest thermal fluctuation frequency of a fluid
tral head; they are in solution in chloroform at a concentra- vesicle of typically 10um is above 1 H48]. To check that
tion of 10 mg/ml. Their critical temperature is below 0 °C, these membrane deformations were not one aspect of lipo-
which allows the phospholipid film to be in a fluid phase some polymorphism, some experiments were performed with
while tubulin is unpolymerized. 25l of this solution are rhodamine-labeled tubulin and revealed that tubulin was po-
deposited on the bottom of a glass tube and the solvent lymerized as microtubules in the arms of the vesicles, as
evaporated by a nitrogen flux and then by vacuum desiccashown in Fig. 1. In all cases, the high rigidity of the cylin-
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FIG. 1. Pictures of three vesicles containing rhodamine-labeled 16 [ ° oo quﬁ " : .
tubulin deformed in¢ shapes as seen in phase contfift) and i r 50 DDDDD%% DADA“ y 1
fluorescenceright) microscopy. The bar is 1gm. E o 0 e - t:. ";
1o e 0 v v b I B L]
drical parts of the deformed vesicles allows one to detect 0.05 0.1 0.15 0.2 0.25 0.3 0.35
without ambiguity the presence of microtubules. All the axi- Ry/L
symmetric final shapes we have observed are shown in Fig.
2. They have been called oval, lemon, chegpy,dumbbell, FIG. 3. Experimental phase diagram of morphologies classified

and pearls. Other, marginal, nonaxisymmetric, starlikehrough the parameteRy, /L andS/R.

shapes have also been observed, but we do not discuss them
here. ferent lengths; the cherry corresponds to the extreme case

From an overall look at the morphologies, two constitut-Where one of the arms is absent. From a mechanism that is
ing subparts can be exhibited: a variable length, thin, cylin0ssibly related to a pearling instabilif], the body can
drical piece(the arm, which contains a small fraction of the SPlit into two parts, giving rise to dumbbells. “Higher-
volume enclosed by the vesicle, and a round piéte order” shapegwith more arms and more bodjelsave been
body), which contains most of the volume at hand. All the Observed, but they are extremely rare.
morphologies are built from these subparts: The oval is arm- We propose here to perform a classification of the mor-
less and the lemon has precursor arms. $hecherry, and phologies of the vesicles using two geometrical parameters
dumbbell have one or two arms with one or two bodies. ThigRo/L and S/R3, wheresS is the surface of the equilibrium
is how the vesicle accommodates a fixed volume with a longesicle,L the length of the microtubule), andR, the radius
rod inside. Most¢ are asymmetric, both arms being of dif- of the equivalent spherical vesicléwhose volume is
47ng/3). The phase diagram obtained this way is plotted in
Fig. 3. The values oﬁ/Rg are bounded down by# (spherg
and lie well below the cylindrical limit 2-(Ry/L) L. This
diagram separates the above-mentioned types and shows that
before a transition located roughly &,/L=0.23 armed
shapes are dominant, while round shapes are the most com-
mon for higherRy/L. In practice, the paramet&,/L thus
seems a useful tool to distinguish between armed and non-
armed morphologies. Nonetheless, the cherriesgaade not
separated in this phase diagram. A closer examination sug-
gests that there is another transition from lemons to ovals
nearR,/L=0.3, but data are lacking to have strong experi-
mental evidence of this transition. The dumbbells are rare
and are found in any part of the phase diagram.

Three of the morphologies have been reported by Fygen-
sonet al. [5]: ovals, lemons, and. They explain the exis-
tence of thep by energetic considerations, showing that, for
large enoughRy/L, a ¢ is more stable than an oval. We
generalize these investigations by performing a numerical
minimization of the Helfrich energy of the membraf)]
by simulated annealingll]. For a membrane, this energy is
the sum of two termsE=E,+Eg, bending E,) and
stretching Eg). Ey is given by

1
EH:Eka

wherek. is the bending modulus ari®l, andR, are the main
FIG. 2. Photographs of experimental shagesoval, (b) lemon, ~ curvature radii. This choice is justified by the following con-
(c) cherry,(d) ¢, (e) dumbbell, andf) pearls. Pictures are in phase siderations[10]: The membranes being symmetric, we ne-
contrast microscopy. The bars are gfh. glect the spontaneous curvature of the bilayer; moreover, the
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Gaussian curvature is known to be a topological invariant, so
that its contribution is also neglected. Moreover, it is useful
to keep in mind that the bending energy of a sphererk 8
independent of its radius. Concernigg, Evans and Rawicz
showed experimentally12] that two regimes appear when a
vesicle is stretched. L& be the area of the vesicle afg its
initial (unstretched area; when the relative extensiam
=(S—5)/S, is small, the behavior of the membrane is en-
tropic while, under sufficient tension, it turns to direct expan-
sion. For DMPC (1,2-dimyristoylsnglycero-3-phospho-
choline, which we believe has a behavior comparable to
DOPS/DOPC, the threshold is reported to be located at
=a.~0.02. As can be computed from Fig. 3, our experi-
mental values fow vary from 0.05 for ovals to 1 fop and FIG. 4. Numerical shapes resulting from energy minimization:
cherries, which clearly locates our vesicles in the expansiote) oval (Ry=0.24 um, L=0.51 um), (b) lemon R,
regime[13]. The stretching energy is then given by =0.24 um, L=0.58 um), (c) cherry Rg=4.1 um, L
=18 um), (d) ¢ (Ry=2.3 um,L=12 um), and(e) dumbbell

(a (b)

(©)
(e) (d)

1 (S— 80)2 (Rp=4.0 um, L=6.9 um). The small dots are the computation
ES:EkS—SO ) points.
that E/,~2E, while Ei~ky(2¥35—Sy)?/2S,~Eg{1

with kg the stretching modulus. Within this framework, a +[(2¥*~-1)S/(S~ Sp)13. This additional term can reach
deformed vesicle is characterized by its geometrical paramhigh values, making the dumbbell an unlikely morphology.
etersRO,.S, L, and its energetic parametéisandk.; there-  Because the system has to jump a high-energy bafoier
fore, a dimensional analysis shows that the full problem deprder 13k, ~4x 10°kgT in the numericsto initially pinch
pends only on three dimensionless variabRg'L, S/R5,  the vesicle, the dumbbells are extremely rare experimentally;
andkR3/k.. . The experimental diagram of Fig. 3 thus incor- this argument can be extended to pearls.
porates two of the full set of dimensionless parameters. The We now turn to the four most stable morphologies: ovals,
values we use fokg andk, are such thak,R3/k. lies in the  lemons,¢, and cherries. We have so far seen that they could
experimental ranggl4]. be geometrically classified into two types. The numerics pro-
Schematically, we assume in the numerics that thevide additional energetic considerations that enhance the dis-
vesicles are constrained to have a fixed volumeRd/3 and tinction; they are based on the relative weightsEpf and
that they adapt so as to contain a rigid rod of length Es. The armless morphologig®vals and lemons which
Moreover, we impose a symmetry of revolution around thishardly deviate from a sphere, have a bending energy that is
rod. Numerically, the membrane shape is modeled by a set dfearly constantindependent of their volumeand a small
typically 80 points with discrete distances from the axis ofEs. On the contrary, for the armed morphologias and
revolution. With these constraints, the enerByis mini-  cherrieg, the contributions oEy andEg to the total energy
mized. The method allows us to determine the equilibriumare equivalent. This analysis in terms of energy is useful to
axisymmetric shapes of vesicles that accommodate a micramderstand the behavior of the vesicles as an exchange of the
tubule of lengthL, provided a wide range of initial condi- dominant energythe one the system takes the more benefit
tions is considered. The calculation shows that the equilibin minimizing).
rium shapes are, fdR,/L decreasing from 0.5 to 0, the oval, =~ We also performed a geometrical phase diagram analysis
the lemon, and then, simultaneously present in the samen the numerical data, the result of which is plotted in Fig. 5.
range ofRy/L, the ¢ (with indifferent position of the round

part and the cherry. By carefully choosing the initial condi- 128 — L E—
tion of the calculation, it appears that another shape is stable C & lemons
the dumbbell. Such shapes are presented in Fig. 4. Imposin 12.75 L ° ;he”'es
more symmetries to the initial conditions leads to many-body i

equilibrium shapes, which are unlikely since they correspond

to much higher energy levels. We have thus been able tc _ 127 N g
reproduce all the observed axisymmetric morphologies. AI-% t o° E

though dumbbells are stable equilibrium shapes in the sens 1265 | B8, . NS ]
that they correspond to an energy well, their energy is higher o :Ej g A

than that of ap with the sameR, andL by a factor that can 126 [ a E 82 o : AR b
reach 10 in our numerical simulations. A simple argument [ 3 E %@ﬁ@a&
can account for such orders of magnitude by considering [ ]
mainly the nearly spherical parts of the vesicles: In the 1285 T on o3 . os

nearly all the volumé/ is enclosed in a sphere of surfa8g
leading to a bending enerdsy, ~ 81k, and stretching energy
Es~ks(S—S0)?/2Sy; for the dumbbell, the same volume
is split into two spheres and now occupies a surfat¥2so

FIG. 5. Same phase diagram of morphologies as in Fig. 3 but

with numerical vesicles.
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The qualitative agreement with Fig. 3 is good: There is acal approach, we have also performed simulations consider-
well-defined transition from round to armed shapes, indepening the full form of the energy, i.e., including both the
dent okaRglkc in the range we have considered. The regionexpansion and the entropic regimes, and using plausible val-
containing ovals can be qualitatively reproduced by a simplaies for the physical quantities at haptR]. For a certain
geometrical model, considering that the ovals lie betweemange of parameters, these simulations show that the equilib-
ellipsoids and spherical shells. This is also true in the experirium shapes mostly stand in the expansion regime, as in the
mental diagram, but fails to explain the transition from roundexperiments. In all cases, the phase diagrams we obtain are
to armed shapes, for which energetic considerations are negxtremely similar to that of Fig. 5; this indicates that such a
essary. In both diagrams, experimental as well as numerica}iagram is fairly robust and moreover suggests that it may be
one can see that cherries agccoexist in the same range of f relevance for a broad class of physical situations.

Ro/L. Both are stable equilibrium shapes, although the nu- | this paper we have considered the problem of the de-
merics show that the cherries are slightly less energ#ie formation of a fluid membrane by a rigid rod, which is ex-

energy dlfflﬁrencehtlJet\/zvce);n tr;(e /;v(\)/o Ardnzokrp?o!ogles ISI:, thOW'perimentaIIy achieved by growing microtubules in a phos-
S;ﬁjré) slrr?;e r:(ljlr:]geri)(l:s thg e?/olcutio,n ;:Jwalgrdslg c?xe?ro ursthelpholipidic vesicle (its biological relevance is not tackled
: ’ y here. What we have shown is that there exists other mor-

than a¢ is sensitive to the initial conditions used for mini- phologies than what had been reported so far: the cherry and
mization: The location of the body of thé is energetically the dumbbell. These shapes are well explained by simply

indifferent; however, should it be close to one end of the rOdbonsidering the Helfrich equilibrium energy of the mem-

the system would easily evolve towards the cherry. If, on th ; .

: . o rane, regardless of the dynamics of the microtubules. The
contrary, the body is centered, it remains in the energy wel lculati h h h : ic sh
corresponding to ab. In the simulated annealing, we start calculations show that other axisymmetric shapes are ex-

) ' tremely unlikely on such a system. All the morphologies are

with a fixedL and an oval vesicle and "thermal energy” is classified in a phase diagram, the experiments showing that

addeq to the membrane for It to .expilc_)re the parameter spagg, morphological class of the vesidlsith or without arm$
and find the most stable equilibrium; in the experiments, th ainly depends on the aspect ratigR, of the vesicle
O 1

{Efr\?éi?cli?sggurg;v (;?fgrfr:ldbtghgﬁgrs?’#% m ZT(;Z}E 3&;55 OWhich is qualitatively well reproduced by the numerics.

are more common experimentally than numerically. It is  We acknowledge Albrecht Ott, Michel Bornens, Simon
clear anyhow that, given the small energy difference betweehlolmes, Mohammed Moudjou, Daniel \yg, Daniel Riv-

¢ and cherries, the robustness of the proportion of cherriesline, Jean-Jacques Lacapeyre, and Deborah Fygenson for
remains to be assessed since it may also depend on numeexperimental help and Jacques Prost, Frarlicider, Eric

cal detailg/15]. In order to test the robustness of the numeri-Karsenti, and Stanislas Leibler for interesting discussions.
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