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Mechanics of Vorticella Contraction
Gaurav Misra, Richard B. Dickinson,* and Anthony J. C. Ladd
Chemical Engineering, University of Florida, Gainesville, Florida
ABSTRACT Vorticella convallaria is one of a class of fast-moving organisms that can traverse its body size in less than a
millisecond by rapidly coiling a slender stalk anchoring it to a nearby surface. The stalk houses a fiber called the spasmoneme,
which winds helically within the stalk and rapidly contracts in response to calcium signaling. We have developed a coupled
mechanical-chemical model of the coiling process, accounting for the coiling of the elastic stalk and the binding of calcium to
the protein spasmin. Simulations of the model describe the contraction and recovery processes quantitatively. The stalk-
spasmoneme system is shown to satisfy geometric constraints, which explains why the cell body sometimes rotates during
contraction. The shape of the collapsing and recovering stalk bounds its effective bending stiffness. Simulations suggest that
recovery from the contracted state is driven by the stalk at a rate controlled by dissociation of calcium from spasmin.
INTRODUCTION
Relative to its size, Vorticella convallaria is one of the fastest

moving organisms on the planet (1). Its cell body is tethered

to a substrate by a slender stalk which coils up into a helix to

move the body (Fig. 1, a and b). A thin, elastic structure

called the spasmoneme, enclosed within the cell membrane,

winds helically inside the stalk close to its outer sheath (2,3).

The spasmoneme generates an ATP-independent (4,5)

tensile force in response to calcium signaling, which drives

the coiling of the stalk (6). The cell body contains calcium

storage sites in the endoplasmic reticulum (7), which release

Ca2þ ions spontaneously or in response to an external stim-

ulus (8). The signal is propagated down the spasmoneme

by calcium-induced-calcium-release (CICR) from calcium

storing membranous tubules within the spasmoneme

(3,7,9,10). In this mechanism, tubules release the stored

calcium upon permeabilization by a small external calcium

concentration. In vivo experiments (9) show that a Ca2þ

concentration as small as 10�7 M is sufficient to trigger the

release of stored calcium. A permeabilized tubule provides

a sharp increase in the local Ca2þ concentration, which trig-

gers further calcium release from the surrounding tubules.

Thus, an initial calcium signal generated in the cell body

can propagate through the stalk by successive permeabiliza-

tion of the preexisting calcium tubules in the spasmoneme—

a diffusion cascade similar to what is observed in muscle

cells (11).

The released Ca2þ ions bind to a 20-kDa calcium-binding

protein called spasmin, which constitutes 40–60% of the

spasmoneme dry mass (12,13). As a result, a state of tension

is induced in the spasmoneme which drives its contraction

with a maximum speed of ~6 cm s�1 (Fig. 1 e) and a tensile

force up to 500 nN (S. Ryu, MIT, personal communication,

2009). Because the spasmoneme winds helically inside the
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stalk, the contraction collapses the straight stalk into a helix,

which is similar to the mechanics of some coiling bacteria

(14). The reverse process (recovery) is powered by dissocia-

tion of Ca2þ ions from spasmin and active sequestration back

into the calcium storage sites.

Although the general causes of contraction and recovery

are known, the mechanics of the coiling process and its

rate limitations are not well understood. In this work, we

have coupled a computational model for the mechanical

aspects of Vorticella contraction and recovery with a kinetic

model for calcium binding. Simulations capture several

features of the experimental observations, including the

velocity profile (Fig. 1 e), the scaling of the peak velocity

with viscosity, and the shape of the fully contracted stalk.

Furthermore, the experimentally observed shapes of the

collapsing and recovering stalk can only be reproduced if the

Young’s modulus of the stalk lies in a narrow range around

1 kPa. Our simulations suggest that the recovery process of

the organism is driven by the bending energy of the coiled

stalk, at a rate controlled by the dissociation of the calcium-

spasmin complex. By identifying geometric constraints

applicable to the stalk-spasmoneme system, we can explain

the connection between the final configuration of the stalk

and the rotation of the cell body. We have determined that

the rate of contraction of the stalk is controlled by calcium-

spasmin binding kinetics, as well as by the speed of the

calcium signal.
MODEL AND SIMULATIONS

Mechanical model

Our mechanical model for Vorticella, Fig. 1 c, contains three

components:

1. The cell body (also referred to as the ‘‘head’’).

2. The stalk.

3. The spasmoneme.
doi: 10.1016/j.bpj.2010.03.023
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FIGURE 1 (a and b) Images of V. convallaria in extended and contracted

states (22), reproduced with permission. (c and d) The model in extended

and contracted states. The head is modeled by an incompressible sphere,

the stalk by an elastic rod (in gray), and the spasmoneme by a thin fiber

(in black) winding helically around the stalk. (e) A typical velocity profile

of the cell body is shown from the time when the motion starts; the graph

was redrawn from Fig. 2 of Upadhyaya et al. (25). The scale bar in panels

a–d is 50 mm.
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The head acts as a source of inertia and viscous drag, and

its shape is approximated by a rigid sphere. The translational

drag acting on a sphere at time t is given by (15)

Fd ¼ 2pR3

2
4r

3

vu

vt
þ 3hu

R2
þ 3

R

�
rh

p

�1=2 Z t

0

vu

vt

dt

ðt � tÞ1=2

3
5; (1)

where r and h are the mass density and dynamic viscosity of

the fluid, R and u are the radius and velocity of the sphere,

and t is the time. The first term in Eq. 1 accounts for the

added mass from the rapidly propagating pressure waves,

the second term is the Stokes drag, and the last term is due
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to the diffusion of vorticity in the fluid. The rotational drag

on a sphere relaxes faster than the translational drag (15),

so we take only the Stokes contribution to the rotational fric-

tion, 8pR3h.

The stalk is a pliable slender structure, which bends into

a helical shape during contraction of Vorticella and recovers

its original shape after the removal of calcium. It is modeled

as a homogenous elastic rod with six degrees of freedom—

two shears; an extension; two bends; and a twist. The equa-

tions of motion for an overdamped elastic rod are

vsF ¼ xT$u; (2)

vsM þ t � F ¼ xR$u; (3)

where F and M are the elastic force and moment acting on

the rod, u and u are the translational and rotational veloci-

ties, t is the tangent to the centerline of the rod, and xT and

xR are the translational and rotational friction per unit length.

In a frame aligned with the tangent vector, the friction

matrices are diagonal and in the slender-body approximation

(16,17),

xT ¼
4ph

lnð2AÞ

0
@ 1 0 0

0 1 0

0 0 0:5

1
A; (4)

xR ¼ phd2

0
@ 1 0 0

0 1 0

0 0 0:68

1
A; (5)

where d is the diameter and A is the aspect ratio of the rod.

The precise values of the friction coefficients are not impor-

tant because the drag on the stalk is small in comparison with

the drag on the head. Simulations confirm that the dynamics

remain unaffected if xT and xR are varied by a factor of

four. Further details of the model can be found in Ladd

and Misra (18).

The spasmoneme contracts in the presence of free calcium

ions, and exerts forces and couples on the stalk that bend it

into a helix. We assume that the spasmoneme does not offer

any bending resistance but only generates a tension along its

length. Hence, it is modeled by an elastic fiber attached

helically around the stalk.

What happens at the molecular level when calcium binds to

spasmoneme is not known. However, from a mechanistic

point of view, it is sufficient to assume that the rest length

of spasmoneme decreases significantly upon calcium binding.

As the calcium signal traverses successive parts of the

spasmoneme, the local rest length decreases, resulting in

contractile force generation. We define the rest length of a

spasmoneme segment in its calcium-free state as le, and its

rest length in the calcium-bound state as lc; its time-dependent

length, l, varies between le and lc as illustrated in Fig. 2.

The force-extension relationship of the Zoothamnium
spasmoneme has been reported to be nonlinear (19), and it



FIGURE 2 A segment of the rod-fiber assembly showing the tension (T)

in the fiber and its position relative to the centerline of the rod. The segment

length in the discretized model is given by ls ¼ L/Ns where L is the length of

the rod and Ns is the number of segments. The force acting on the centerline

(Fs) is parallel to T and exerts shear and compression forces. The moment

(Ms) of the tension is perpendicular to r and Fs, and generates bend and twist

couples. The rest length of the spasmoneme segment in its calcium-free state

is le and its rest length in the calcium-bound state is lc; its time-dependent

length, l, varies between le and lc. The force and couple acting on the bottom

plane are not shown.
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may be nonlinear for the Vorticella spasmoneme as well.

However, in the absence of experimental data, we assume

a linear relationship between the tensile force and the exten-

sion of the spasmoneme. The local tension vector in a spas-

moneme segment (Fig. 2) is given by

T ¼ kðg� gcÞ̂l; (6)

where g ¼ l/le is the tensile strain and gc ¼ lc/le is the strain

in the reference configuration; k is the extensional stiffness

and l̂ is a unit vector in the direction of the fiber. Before

calcium binding gc ¼ g ¼ 1, but gc decreases in response

to an increase in the local concentration of calcium-bound

spasmin. This generates a force that drives l from le to lc.
The force and couple exerted by the fiber on the axis of

the rod are given by

Fs ¼ T; (7)

Ms ¼ r � Fs; (8)

where r is the vector from the rod axis to the fiber (Fig. 2).

The force, Fs, and the couple, Ms, are added to the elastic

forces and moments of the rod, vsF and vsM (Eqs. 2 and 3).

Chemical model

Spasmin has been shown to carry two functional calcium-

binding (EF-hand) domains (20), which occur in several

calcium-binding proteins (21). The association of free
calcium ions to a binding site, S, on a spasmin protein is

modeled by second-order kinetics,

S þ Ca2þ#C; (9)

where C represents the Ca2þ-EF-hand complex. The rate

equation for the reaction,

d½C�
dt
¼ k½S�

�
Ca2þ �� k�1½C�; (10)

is subject to constraints on the total number of binding sites,

[ST], and calcium ions, [Ca2þ
T],

½ST � ¼ ½S� þ ½C�; (11)

�
Ca2þ

T

�
¼
�
Ca2þ � þ ½C�; (12)

and the initial condition

½C�ðt ¼ 0Þ ¼ 0: (13)

The local reference strain of the spasmoneme in the

calcium-bound state, gc, is assumed to be linearly related

to the local concentration of the complex, [C],

gcðtÞ ¼ 1�
�
1� gN

c

�½C�ðtÞ
½ST �

; (14)

where the parameter gc
N is defined as the strain of the

calcium-saturated spasmoneme. Initially [C] ¼ 0 and gc ¼ 1

when the binding sites are saturated [C]¼ [ST] and gc¼ gc
N.

Propagation of the calcium signal is modeled by a constant

velocity front that travels down the spasmoneme, triggering

the onset of the calcium binding reaction at successive

segments.

Geometric constraints

If we assume that the stalk and spasmoneme are attached,

then there are geometric constraints relating the initial

straight configuration and the final helical configuration.

The length of the stalk in the helical configuration is

L ¼ Nf

�
ðpDÞ2þP2

�1=2
; (15)

where Nf is the number of turns in the helix, D is its diameter,

and P is the pitch. The helix formed by the spasmoneme has

the same pitch and number of turns as the stalk, but its diam-

eter is D � 2r, where r is the distance of the fiber from the

rod’s axis (Fig. 2); its length is given by

Lc ¼ Nf

�
ðpðD� 2rÞÞ2þP2

�1=2
: (16)

The equations can be simplified because the pitch,

P ~3.5 mm (Fig. 1 b), is small in comparison to the perime-

ters, pD ~17 mm and p(D � 2r) ~10 mm; by omitting the

terms in P2 from Eqs. 15 and 16, we have

Nf ¼
L� Lc

2pr
; (17)
Biophysical Journal 98(12) 2923–2932
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TABLE 1 Geometric parameters from images of Vorticella

Parameter Symbol Range Value

Stalk diameter d 3–6 mm 5 mm

Head diameter dh 8–11d 50 mm

Stalk length L 25–30d 150 mm

Initial turns of spasmoneme Ni ~1 per 25 mm 6

Stalk-spasmoneme distance r ~d/2 2.5 mm

Uncontracted spasmoneme length Le ((2prNi)
2 þ L2)1/2 177 mm

Contracted spasmoneme length Lc ~Le/4 44 mm

Strain at saturation gc
N Lc/Le 0.25

The range of parameters encompasses the data in the literature

(2,3,22,25,33,34), including the images in Fig. 1, a and b. The values

used in the simulation were taken from Upadhyaya et al. (25), where velocity

data for the contraction was reported.
D ¼
L� Lc

: (18)

It is significant, and somewhat counterintuitive, that the

number of turns in the final contracted helix is independent

of the initial number of turns the spasmoneme makes around

the stalk. Instead, Nf depends primarily on the extent of

contraction, Lc, which we have confirmed with simulations.

High-resolution images of Vorticella (22) have been used

to estimate the lengths of the fully extended and contracted

spasmoneme, Le and Lc. The images in Fig. 1 were used to

measure the dimensions of the extended stalk, L and d, and

the geometry of the contracted spasmoneme, Nf, D � 2r,

and P. We then calculated Lc from Eq. 16 and Le from the

equivalent relation for the helical spasmoneme in the fully

extended stalk,

Le ¼
�
ð2prNiÞ2þ L2

�1=2
; (19)

where Ni is the initial number of turns of the spasmoneme

around the straight stalk and r z d/2. On comparing Lc

with Le, we conclude that the spasmoneme has shrunk to

approximately a quarter of its length, which is consistent

with estimates based on the configuration of the helical stalk

(Eqs. 17 and 18). The spasmoneme of Carchesium, a relative

of Vorticella, has been reported to contract to approximately

a third of its length (2), so shrinkage of Vorticella spasmo-

neme to a quarter of its length is not unreasonable. We

assume the contraction ratio, Lc/Le ¼ 0.25, to be an intrinsic

property of Vorticella spasmoneme, valid locally as well as

globally. Therefore, the reference strain in the calcium

saturated state, gc
N (Eq. 14), is taken to be 0.25.

The predictions of the constraints (Eqs. 17 and 18) can be

compared with the images in Fig. 1, a and b. The length of

the contracting part of the stalk, L, is ~100 mm, the average

stalk-spasmoneme distance, r, is ~2 mm, the initial length of

the spasmoneme, Le, is ~112 mm (Eq. 19), and its contracted

length, Lc, is 28 mm (¼ Le/4). Using Eqs. 17 and 18, we get

Nf ¼ 5.7 turns and D ¼ 5.6 mm while the observation is

Nf ~4.5 and D ~5.9 mm.

A further consistency check on the geometry of the final

helix can be obtained from Eqs. 15 and 16, including the con-

tribution from the pitch. There are three unknowns (P, D,

and Nf) and only two equations, but real values of P require

r >
D

2

�
1� Lc

L

�
T0:36D: (20)

The experimentally observed diameter, D ¼ 5.9 mm, lies

outside this range when r ¼ d/2 ¼ 2 mm. However, it is

evident from the higher magnification images of the helical

stalk (Fig. 1 b) that it has been squeezed into an oval shape

by the spasmoneme and, as a result, the distance between the

stalk axis and the spasmoneme, r, has increased. Hence, the

geometric constraints correctly imply a squeezing of the stalk

as well.
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Parameter estimation

Geometric and mechanical parameters

There are several geometric parameters required to describe

the Vorticella model; these can be estimated from published

images and are listed in Table 1. The stalk diameter and

length vary from source to source but the aspect ratio (L/d)

remains close to 30. The strain at saturation is obtained

from the fully contracted and the fully extended lengths as

gc
N ¼ Lc/Le; Lc and Le are the macroscopic equivalents of

the segment lengths lc and le shown in Fig. 2.

The parameters describing the mechanical properties of

the stalk, the spasmoneme, and the surrounding medium

are listed in Table 2. The tension in the spasmoneme was

deduced by fitting a linear force-extension relation (Eq. 6)

to the available data on the maximum force, Fmax, generated

by a fully extended spasmoneme. The force will be

maximum when the length of the spasmoneme is at its

maximum, g ¼ 1, while its rest length is at its minimum,

gc ¼ gc
N. The maximum force for in vivo measurements,

Fmax ¼ k
�
1� gN

c

�
; (21)

ranges from 200 nN (23) to 500 nN (S. Ryu, MIT, personal

communication, 2009). We take Fmax ¼ 300 nN and gc
N ¼

0.25, which gives k ¼ 400 nN. The extensional modulus of

spasmoneme estimated from k is ~100 kPa, which is two

orders-of-magnitude larger than the Young’s modulus of

the stalk (estimated later). Simulations show that if the spas-

moneme is significantly stiffer than the stalk, small varia-

tions in k (up to 25%) do not alter the dynamics significantly.

Micrographs of contracted Vorticella indicate no apparent

shrinkage in the stalk length under maximum contraction,

suggesting that the extensional modulus, Ye, of the fluid-

filled stalk is significantly larger than the maximum compres-

sive stress exerted by the spasmoneme. Simulations confirm

that any value of Ye > 25k/d2 z 400 kPa yields the same

contraction dynamics. We have used Ye ¼ 1 MPa for the

results shown here. The extensional modulus of a Carche-
sium stalk is similar, at ~400 kPa (24). We have found that

the extensional modulus, Ye, is a few orders-of-magnitude



TABLE 2 Mechanical parameters

Parameter Symbol Value Source

Spasmoneme stiffness k ~400 nN Maximum force (23)

Stalk extensional modulus Ye ~1 MPa Incompressibility

Stalk Young’s modulus Y ~1 kPa Simulations

Stalk shear modulus G ~0.33 kPa Elasticity relations

Medium viscosity h 1 cP Viscosity of water

These parameters are material properties and are independent of the size of

the organism.

TABLE 3 Chemical parameters

Parameter Symbol Value Source

Dissociation constant Kd ~10�6.5 M (26,35)

Binding rate constant k ~5.105 M�1 s�1 Simulations

Dissociation rate constant k�1 ~0.15 s�1 Thermodynamics

(¼ kKd)

Total binding sites

concentration

[ST] ~8 mM (12)

Total calcium

concentration

[Ca2þ
T] ~8 mM Binding site

concentration

Ca2þ signal speed VCa ~10 cm s�1 (25)
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larger than the Young’s modulus that appears in the bending

stiffness, YI. We think this is because the fluid-filled gel

inside the sheath resists change in volume but has little shear

resistance.

The bending stiffness of the stalk determines the elastic

resistance of the contracting stalk relative to the viscous

drag from the head, which sets the viscosity range where

power-limited contraction is observed (25). Furthermore,

the bending energy stored in the coiled stalk, ~YIL/D2, is

responsible for recovery of the organism from the contracted

state. Thus, the range of values for Y can be bounded by

comparison with experimental observations of contraction

and recovery. Here we have assumed that the moment of

inertia of the stalk is I ¼ pd 4/64.

The shear modulus of the stalk, G, is related to the

Young’s modulus,

G ¼ Y

2ð1 þ sÞ; (22)

where s is Poisson’s ratio, which we take to be 0.5. The

dynamics of collapse and recovery are insensitive to changes

(twofold) in the value of G and its exact value is immaterial

for our purposes. A viscosity of 1 cP is assumed for the

medium (water), except when glycerine is added to increase

the viscosity.

It is evident from Fig. 1 b that the stalk is squeezed into an

oval shape by the contraction, leading to an increase in the

distance between the stalk axis and the spasmoneme, r. As

suggested by the geometric relations, our simulations

confirm that this slight increase in r is important to explain

the observed configuration of the collapsed stalk. We

increased r in proportion to the local calcium-EF-hand

complex concentration, [C], from an initial value of 0.45d
to a final value of 0.65d to capture the squeezing of the stalk.

A small part of the stalk shown in Fig. 1 b remains

uncoiled for reasons unknown to us. Simulations show

that, keeping the spasmoneme uncontracted in a small length

(~10 mm) next to the tethered end, leaves the corresponding

length of the stalk uncoiled (Fig. 1 d).

Chemical parameters

The parameters for the chemical model are listed in Table 3.

The dissociation constant, Kd, of the calcium-EF-hand com-

plex, C, has been independently estimated to be ~10�6.5 M

(26). The forward rate constant, k, was obtained by fitting
the simulated velocity profile (discussed later) to experi-

mental observations; it is the only directly fitted parameter

in our model. The backward rate constant, k�1, is given by

kKd z 0.15 s�1. The calcium-binding-site concentration,

[ST], is not known for Vorticella; we estimate a value of

8 mM from in vitro experiments with Zoothamnium, which

show that ~0.34 gram of calcium per kg of wet spasmoneme

saturates all binding sites (27). Assuming a density of 1.1 kg/L

for wet spasmoneme yields a value of ~8 mM for [ST]. No

direct measurement of in vivo calcium concentration,

[Ca2þ
T], is available. However, [Ca2þ

T] cannot be signifi-

cantly less than [ST] because the maximum force measured

in calcium saturation experiments (26) is less than what is

observed in the in vivo experiments (23), which suggests

that the spasmin is saturated by calcium. [Ca2þ
T] is not likely

to be significantly larger than [ST] because Vorticella has to

work to sequester the released Ca2þ ions back into the

calcium storing tubules. Hence, we assume [Ca2þ
T] z [ST].

The speed of the calcium signal, VCa ¼ 10 cm s�1, is taken

from experimental observations (25).

RESULTS

Fast binding

We will first treat the case where the calcium binding reac-

tion is not rate-limiting, resulting in an instantaneous force

(gc ¼ gc
N) in those parts of the spasmoneme where the

signal has propagated. We will later show that a finite

binding rate must be assumed to capture the experimentally

observed dynamics.

The stalk-substrate attachment is modeled by a clamped

boundary condition (no translation or rotation) at one end of

the stalk. The other end bears the head and is free to translate

and rotate. Initially the stalk is straight with the spasmoneme

winding helically around it. A signal travels down the spas-

moneme from the head bearing end, with a constant speed

of 10 cm s�1. The spasmoneme experiences an instantaneous

decrease in the local reference strain (gc¼ gc
N) as the signal

traverses each segment, generating a tensile force (Eq. 6), as

illustrated in Fig. 2. The head gets pulled downwards and

the lower part of the stalk, where the signal has not yet

reached, is pulled upwards. Snapshots of the simulations for

two Young’s moduli are shown in Fig. 3. For Y ¼ 1 kPa,
Biophysical Journal 98(12) 2923–2932



FIGURE 3 Time-lapse images of the initial phase of contraction driven

by a propagating calcium signal (for clarity, the head is not shown). (Top)

Young’s modulus Y ¼ 1 kPa. (Bottom) Y ¼ 4 kPa.
FIGURE 4 Simulation results for contraction driven by a propagating

calcium signal. (a) Peak velocity versus viscosity. The solid line indicates

a slope of –0.5. (b) Velocity profiles. The peak velocity decays more rapidly

than the experimental data shown in Fig. 1 e. For the stiffer stalk (Y¼ 4 kPa),

the velocity increases much too rapidly as well.
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we can see that the lower part of the stalk undergoes signifi-

cant deformation while the signal is still in the upper part

(t ~1 ms), which is contrary to experimental observations.

On the other hand, for a stiffer stalk, Y ¼ 4 kPa, the lower

part remains essentially at rest until the signal reaches it.

It has been observed that the maximum velocity of the

head scales with viscosity as h�0.5, which implies that

most of the energy from spasmoneme contraction is spent

in overcoming the viscous drag (25) rather than bending

the stalk. Fig. 4 a shows the peak velocity plotted against

viscosity for Y ¼ 1 and 4 kPa. At lower viscosities

(~1 cP), the peak velocity follows experimental scaling if

Y % 1 kPa, but for Y ¼ 4 kPa there is a significant deviation.

Hence the upper bound on the bending rigidity of the stalk is

between 1 and 4 kPa.

Velocity profiles of the simulations shown in Fig. 3 are

plotted in Fig. 4 b. For Y ¼ 1 kPa, the velocity peaks at

8 cm s�1 and then drops to 1 cm s�1 within a millisecond.

For Y ¼ 4 kPa, the velocity peaks at 5 cm s�1 but with a

very different profile. Neither of these profiles captures the

delayed buildup and slow decay of the velocity shown in
Biophysical Journal 98(12) 2923–2932
Fig. 1 e. We propose that the additional timescale indicates

delayed calcium-spasmin binding kinetics.

Delayed binding

Velocity profiles for different values of the binding rate con-

stant, k, are shown in Fig. 5 a. Simulations with k ¼ 5 �
105 M�1 s�1 quantitatively reproduce the experimental

data (Fig. 1 e) including the overall shape, peak velocity

(6 cm s�1), and peak position (2 ms). The time-dependent

position of the tip of the stalk, shown in Fig. 5 b, is also in

good agreement with the experiment. The shape of the

velocity profile is sensitive to the calcium-binding rate

constant; other values of k do not fit the observations (Fig. 5).

Snapshots of a simulation with k ¼ 5 � 105 M�1 s�1 and

Y ¼ 1 kPa are shown in Fig. 6 (see Movie S1 in the Support-

ing Material). Owing to the delayed binding, the stalk

remains straight until the calcium signal passes by and the

collapse is more uniformly distributed over the stalk. This



FIGURE 5 Results for Young’s modulus Y ¼ 1 kPa and different values

of the rate constant, k. (a) Velocity of the head versus time. (b) Position of

the head versus time.

FIGURE 7 Velocity data for Young’s modulus Y ¼ 1 kPa and rate

constant k ¼ 5 � 105 M�1 s�1. (a) Velocity profile for different viscosities.

(b) Peak velocity versus viscosity. The solid line depicts the slope of –0.5.
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is closer to the observed shapes of the contracting stalk than

the simulations assuming instantaneous binding (compare to

Fig. 3).

The velocity profiles for different fluid viscosities are

shown in Fig. 7 a. The peak position is relatively insensitive

to the viscosity and the peak velocity scales asymptotically

as h�0.5 (Fig. 7 b); both findings are consistent with experi-

mental data (25). Moreover, simulations and experiments

find similar deviations from h�0.5 scaling at low viscosity.
FIGURE 6 Time-lapse images of contraction with Young’s modulus

Y ¼ 1 kPa and rate constant k ¼ 5 � 105 M�1 s�1.
Recovery

The recovery of Vorticella is ATP-driven and takes place on

a much longer timescale than contraction. Calcium ions are

thought to be sequestered back into the calcium storing

tubules in the spasmoneme using ATP hydrolysis as the

energy source. Several questions regarding recovery have

been left unanswered in the current literature. Is the recovery

rate limited by Ca2þ ion sequestration, by Ca2þ ion dis-

sociation from spasmin, by the drag on the head, or by a

combination of these? What is the role of the spasmoneme

in recovery: is it under compression against the drag forces

or under tension against the stalk’s bending strain? Our simu-

lations address the mechanics aspects of these questions.

Recovery simulations start with the stalk at rest in the fully

contracted helical shape; its elastic restoring forces are

balanced by the tension in the spasmoneme. To start re-

covery, the tension in the spasmoneme is reduced uniformly

along its length, at a rate similar to the rate of recovery

observed in the living organism (~0.2 s�1). Simulations

with different bending stiffnesses of the stalk are shown in
Biophysical Journal 98(12) 2923–2932



FIGURE 8 Recovery simulations with Young’s modulus Y ¼ 0.25 kPa

(a1 and a2) and Y ¼ 1 kPa (b1 and b2). Early stalk shapes are shown in

a1 and b1, while a2 and b2 show the shapes at a later time.
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Fig. 8. For a small Young’s modulus, Y % 0.25 kPa, the stalk

uncoils without moving the head significantly (Fig. 8, a1 and

a2), which is contrary to experimental observations.

However, for stiffer stalks, Y R 1 kPa, the head is pushed

up in the observed fashion (Fig. 8, b1 and b2). Hence the

lower bound on the Young’s modulus of the stalk is between

0.25 and 1 kPa.

We simulated recovery with an enhanced rate of reduction

of the tension in the spasmoneme, to show what would

happen if the Ca2þ dissociation and sequestration was faster

by an order of magnitude. Simulations show that even a

stiffer stalk, Y ¼ 2 kPa, uncoils without moving the head,

and exhibits shapes similar to those shown in Fig. 8 a.

Hence, chemistry must control the rate of recovery rather

than viscous drag.

The molecular mechanism for force generation by

calcium-spasmin binding is not known and what happens

upon calcium unbinding is also unclear. There has been

speculation in the literature that the recovery is driven by

the stalk (26) or by the spasmoneme (5), but no one has

demonstrated either case to be true. It is possible that upon

calcium unbinding, the rest length of the spasmoneme

increases so rapidly that it starts exerting an extensional force

on the stalk. In this case, the recovery will be driven by the

spasmoneme rather than the stalk. We simulated this mech-

anism of recovery and found that for a realistic rate of

recovery, the spasmoneme never develops a compressive

force, because the stalk always uncoils fast enough to keep

the spasmoneme under tension. Hence, our simulations indi-

cate that recovery is driven by the elastic energy stored in the

coiled stalk.
DISCUSSION

Our model of Vorticella contraction yields a number of

insights that are not obvious from the experiments. The

geometric analysis shows that the final number of turns in

the helical stalk is independent of the initial number of turns

of the spasmoneme around the stalk. The difference between
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the initial and final number of turns is made up for by rotation

of the head, because the other end is fixed. Most images of

Vorticella show that the initial number of turns of the spas-

moneme is quite close to the final number of turns of the

helical stalk, and that the rotation of the head is small

(22,25,28). Because the number of turns in the contracted

state is independent of the initial number of turns of the spas-

moneme, it is interesting that the two end up being so close.

Perhaps nature has evolved the organism in such a way that

the initial and final number of turns is similar and the stalk-

body junction does not have to bear large torsional strains.

The effective Young’s modulus of the stalk must be close

to 1 kPa; otherwise the experimentally observed contraction

and recovery cannot be explained. The Vorticella stalk has

fine slender structures on its surface (called ‘‘bâtonnets’’)

that wind around the stalk with the same pitch as the spasmo-

neme, but with opposite handedness (2). Because they

always lie on the outer side of the helix, oriented parallel

to the local centerline, their supposed function is to provide

extra bending stiffness to the stalk. A simple deflection

experiment may therefore underpredict the effective bending

stiffness during collapse and recovery. Simulations predict

that when the organism recovers from its contracted state

in a high viscosity fluid (~20 cP), the stalk will uncoil

without significant motion of the head; later the bent stalk

will gradually straighten, as seen in Fig. 8, a1 and a2. This

prediction could be used to test our estimate of Y ¼ 1 kPa.

The collapse of the stalk (sixfold) is larger than the reduc-

tion in length of the spasmoneme (fourfold). Simulations

show that the collapsing stalk forces the spasmoneme into

a helical coil, thereby increasing the tension in the spasmo-

neme and generating additional force for contraction.

It has been suggested that an action-potential induces

calcium release in the Vorticella spasmoneme (25).

However, the observation that membrane depolarization

occurs after cellular contraction (29) argues against an

action-potential driven signal. The observed signal speed

(10 cm s�1) can in fact be explained by the CICR mecha-

nism, as shown in the Appendix, contrary to what has been

suggested previously (25). However, a CICR signal cannot

entirely explain the dynamics of the collapsing stalk; there

must be an additional delay which we propose comes from

the calcium-spasmin binding kinetics.

Simulations show that recovery is driven by the bending

energy stored in the coiled stalk, at a rate limited by calcium

dissociation and sequestration. A dissociation time of 7 s, as

calculated from (k�1)�1, is consistent with experimentally

observed recovery.

The simulations offer some unexpected insights into the

contraction mechanics. While the signal is still in the upper

part of the stalk, tension in the spasmoneme pulls the head

downwards and the lower part of the stalk upwards, thereby

storing strain energy in the stalk-spasmoneme segments that

have not yet been triggered by calcium. The effect, the extent

of which depends on the head size, is magnified by the inertia



Mechanics of Vorticella Contraction 2931
of the initially stationary fluid around the cell body (Eq. 1).

When the signal reaches the lower region, stored strain

energy is quickly converted into kinetic energy of the

head, which brings about a sudden rise in the velocity. The

model predicts that for long stalks (L T 150 mm), there

will be a plateau in the velocity profile before the maximum

velocity is reached (as in Fig. 1 e), which will be missing for

short stalks (L ( 75 mm). The rise to the peak velocity will

be steeper for long stalks than for short ones.

It is evident that the spasmoneme exerts a local tension

along the whole length of the stalk. Nevertheless, the

assumption that the spasmoneme is rigidly bound to the stalk

along its entire length may not be entirely correct. The micro-

graphs (2,3) and spasmoneme extraction experiments

(19,26) suggest that it simply occupies a helical cavity inside

the stalk’s fibrillar matrix. Thus, it might be able to acquire

some twist without twisting the stalk, an effect we have

neglected in our geometric analysis. The spasmoneme also

has a significant cross section in comparison to the stalk,

unlike the thin fiber modeled here. Hence, it might contribute

asymmetrically to the bending stiffness of the stalk. We have

not considered cooperative binding of calcium and spasmin

(26,30) in our kinetic model, for lack of experimentally

measured rate constants. However, we have been able to

explain the observed velocity profile reasonably well, which

suggests that cooperative binding does not play a critical role

in the dynamics of the organism.

The main conclusions drawn from this model are as

follows. The contraction of Vorticella is rate-limited by

calcium-spasmin binding kinetics as well as by the signal

propagation speed. Recovery is driven by the elastic energy

stored in the coiled stalk, at a rate controlled by calcium

dissociation and sequestration. The effective Young’s

modulus of the stalk is estimated to be ~1 kPa. Vorticella
contraction is subject to geometric constraints, which deter-

mine the number of turns in the helical stalk and the rotation

of the head. Finally, the number of turns in the coiled stalk is

geometrically independent of the number of turns the spas-

moneme makes around the straight stalk.
APPENDIX

Here we show that the CICR mechanism can explain the signal speed

observed in V. convallaria.

The only calcium-binding proteins in the spasmoneme are the spasmins

(12,13), which are integral to the spasmonemal structure (20). Hence, there

are practically no calcium-binding proteins in the aqueous phase inside the

spasmoneme. Upon release from the tubules, free Ca2þ ions would have a

diffusivity of ~230 mm2 s�1 (31), unlike muscle cells where the apparent

diffusivity is only 30 mm2 s�1 (31). Calcium channels in Vorticella spasmo-

neme are supposedly gated by ryanodine receptors (9). The average density

of these receptors on the sarcoplasmic reticulum of rat cardiac cells is

~370 per mm2 (32). The membranous tubules in spasmoneme are ~0.07 mm

in diameter and ~0.5 mm in length (3) and hence carry a surface area of

~0.11 mm2, or ~40 receptors per tubule. The distance between successive

receptors is then ~0.06 mm, which is comparable to the average distance

between the tubules ~0.1 mm (3).
In a one-dimensional diffusion model, the calcium concentration, [Ca],

at a distance x from an active calcium channel at a time t is given by

½Ca�ðx; tÞ ¼ ½Ca�0
d

ð4pDtÞ1=2
e�x2=4Dt; (23)

where d is the distance between successive channels (the characteristic

length in the problem), D is the diffusivity of free calcium (230 mm2 s�1),

and [Ca]0 is the calcium concentration released by an active channel, which

we assume to be ~0.01 M (Table 3). The threshold calcium concentration

required to activate a channel is 2� 10�7 M (9). The time taken by an active

calcium channel to activate the nearby channels can be estimated from

Eq. 23 by using [Ca] ¼ 2 � 10�7 M and x ¼ d ¼ 0.06 mm, which yields

t ~0.2 ms. In a 150-mm-long spasmoneme, there will be ~2500 successive

activation events, yielding a maximum speed of ~30 cm s�1, which is

consistent with the observed signal speed of 10 cm s�1 (25).

We have assumed that diffusion of Ca2þ ions is unaffected by ion deple-

tion due to binding with spasmin. This is justified because the diffusion time

of Ca2þ ions between the channels (0.2 ms) is negligible in comparison to the

binding time, (k[Ca2þ
T])�1 ~0.5 ms.
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One movie is available at http://www.biophysj.org/biophysj/supplemental/

S0006-3495(10)00355-3.
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