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Abstract

We study the dynamics of the acrosomal process in the sperm of the horseshoe crab, Limulus
polyphemus. In its native state, the acrosomal bundle consists of a 60um para-crystalline
helical coil of bent, twisted actin filaments. In the presence of Ca?*, the actin binding pro-
tein, scruin, undergoes a conformation change, which causes the individual actin filaments
to untwist. This leads to the straightening of the 60um long bundle which is propelled
through a nuclear channel at a mean velocity of 15um/s at room temperature (24-26°C).
Its velocity is constant throughout the entire extension, suggesting that the uncoiling of the
bundle is a localized event that propagates in a zipper-like fashion. The average velocity
of the acrosomal process depends on the temperature and increases as the temperature is
raised, varying from approximately 37um/s at 32°C to 1.7um/s at 9.6°C. The morpholog-
ical dependence in the reaction rate was investigated by electron micrograph studies, and
the effects of external load was also studied by varing the viscosity of the medium through
which the acrosomal bundle extends. Results indicate no morphological dependence on
the reaction rate but the viscosity of the medium exhibited a negative correlation with the
extension velocity. Based on dynamical measurements of the uncoiling and the extension
of the actin bundle, we estimated the energy dissipated hydrodynamically during the ex-
tension to be of the order of 10~8ergs. The bending stiffness, EI, of the actin bundle was
measured by analyzing the bending shape at equilibrium in a steady hydrodynamic flow
and was of the order of 107?°Nm? leading to an estimate for the initially stored energy of
7-10 %ergs. Therefore, the acrosomal bundle indeed behaves like a mechanical spring, and
the strain energy is the major source of the energy that powers the acrosomal reaction to
completion.
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Chapter 1

Introduction

1.1 Background and motivation

1.1.1 What is the acrosomal reaction (AR) of Limulus polyphe-

mus sperm

The acrosomal reaction is an essential step that precedes fertilization in animals. In
most marine invertebrates, it is often a coupled reaction of exocytosis (rupturing
of the acrosomal vesicle) and a dramatic morphological change (formation of the
acrosomal process) [53]. At fertilization when the sperm cells make contact with
the jelly coat of an egg, the acrosomal reaction is activated. Upon activation, the
acrosomal vesicle ruptures, and a needle-like process is extruded from the head of the
sperm following the release of lytic enzymes (See Fig. 1-1 and 1-2). This needle is
termed the acrosomal process which bridges the gap between the sperm and the egg
plasma membrane, and starts the physical process of fertilization.

Despite the common biological purpose of the acrosomal reaction, the mechanism
employed varies with species. In many Echinoderms, a phylum that includes sea
urchins, sea cucumbers, and sea stars, the acrosomal process is formed from subacroso-
mal precursors, namely actin monomers, during the acrosomal reaction. For instance,
in the sperm of Thyone (sea cucumber) the actin bundle assembles by polymerization

of actin monomers stored in a sac. In unreacted sperms, the actin monomers are

18
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Figure 1-1: (a) Acrosomal Reaction in Thyone sperm. Size of the sperm head is about
5um in its diameter. The length of 90um actin bundle can be polymerized in less than 10
seconds. (b) Muytilis sperm acrosomal reaction. The 6-7Tpm bundle of about 50 preformed
actin filaments is extruded out to completion in few minutes [3].

cross-linked with a protein called profilin which prevents the actin monomers from
polymerizing. Upon activation, profilin falls off, and the actin monomers begin to
polymerize to form a long acrosomal process made of actin [3] (See Fig.1-1(a)).

In contrast to polymerizing mechanism, in a bivalve mollusk (Mytilus) and an
arthropod (Limulus), a filament structure is preformed and present in the mature
unreacted sperm [22, 25, 38, 54]. The extension mechanism in these species are
fundamentally different from the polymerization mechanism as their acrosomal bundle
is preformed during the development (See Fig.1-1(b)). The preformed acrosomal
process found in Mytilus is a straight rod (6-7um) which are extruded upon activation.

In this thesis, we will concentrate on the acrosomal process of Limulus sperms

19



Figure 1-2: Acrosomal reaction in Limulus sperm. In native state, the anterior end of the
bundle lies inside the nuclear channel (NC) while the posterior end exists as a coil with 5-6
loops (C). Once activated either by Ca®* or by the presence of an egg, the acrosomal bundle
gets extruded out of the nuclear channel to penetrate itself into the egg. An average size of
the sperm head is about 4um wide and 5um long, and a typical velocity of the reaction is
about 15um/s. AV: acrosomal vesicle, N: nucleus, F: flagellum, and TD: true discharge.

which features a very unique and complex morphology of the preformed acrosomal
bundle. Its transformation during the acrosomal reaction is also unique, and involves
a considerable degree of complexity. Brown (1976) suggested that the complexity in
the structure may be related to the difficulty of penetrating the tough surface coats
of the Limulus egg. As shown in Fig. 1-2, in its native state, the proximal end of the
bundle lies in a channel through the nucleus while the distal end, surrounded by the
nuclear membrane, is coiled around the base of the nucleus, making about 6 loops.
In the presence of Ca?* or when the sperm encounters an egg, the initially coiled
bundle uncoils into a 60um long, straight bundle called the true discharge(TD) in a

few seconds.
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Figure 1-3: Thin section of the coil: Coils were purified by treating the Limulus sperm
with glycerol and Triton X 100 along with several centrifugation. (a) The thin section cut
across the coil from the unreacted sperm indicates that it has 14 elbows and 15 straight
segments per one loop of coil. (b) The arrow indicates the elbows at 156°. Both scale bars

measure 0.5pm [10]

1.1.2 How does the AR happen?

The acrosomal reaction of the Limulus sperm is of interest as it involves a novel
mechanism of force generation for the reaction to occur. While force production
at the molecular level is typically associated with the ATP(Adenosine triphosphate)
hydrolysis or myosin, the acrosomal reaction in Limulus sperm does not involve any of
ATP, myosin, or actin polymerization. The bundle starts out as a bent and twisted
coil, and extends out to form a long, straight bundle during the reaction. Force
generation involves only a structural reorganization of preexisting components in
the Limulus sperm, and is thus akin to what happens when a compressed spring is
released.

To understand the microscopic mechanism of the acrosomal process, we start
with a description of the structure of the bundle using the electron micrographs of
DeRosier and Tilney (See Fig. 1-3). In its native state, the acrosomal bundle consists

of a paracrystalline array of bent and twisted actin filaments. In the coil, the actin
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bundle is a right handed superhelix: for each loop of coil (there are 6 loops in the coil),
the bundle has 2.3 turns around its axis {10]. Due to this feature, one can expect the
extending bundle to make 2.3 revolution per loop of the coil discharged, and in fact
this rotational motion is observed in the presence of a kink at the tip of the bundle
(see Fig. 1-4). The bundle features 14 arms and 14 elbows per each loop of the coil
(See Fig. 1-3). These elbows are thought to have been introduced by the differential
sliding between the actin filaments. In passing through an elbow, each actin filament
experiences difference in its path length. Since no compression or extension of the
filaments were observed in the bundle, there must be some slippage between actin
filaments relative to one another. Having a 60° superhelicity in the bundle and the
156° angle of each elbow ensures that 1) the filaments passing through the elbow cover
the equal path length for neighboring filaments to form crossbridges on both sides of
elbow, and 2) there is no indefinite accumulation of slippage along the filaments but
an oscillating feature of slippage and crossbridges [9].

In addition to the superhelicity of the bundle, each filament is slightly over-twisted
by 0.23° per subunit. Actin filaments in their unbound form can have about 5-6°
angular disorder per subunit [12], which helps to explain the presence of overtwisting
in the acrosomal bundle in Limulus sperm. Since actin subunits are added at their
membrane-associated end during spermatogenesis [55], the "modest fluctuations in
the twist of actin subunits are captured and frozen-in by scruin” [34], and the degree
of twist in the Limulus bundle is well within the range of their random variable
twist [13]. This overtwisting of the actin filaments causes stress on the filaments.
DeRosier and Tilney proposed that this feature store elastic strain energy in the coil
[8]. During the uncoiling process, the untwisting of the bundle is accompanied by
slippage between filaments and untwisting of the individual actin filaments, leading
to the conversion of the coil to its straight form. In doing so, mechanical potential
energy stored in the coil is converted into translational work, as in a mechanical
spring. Once the reaction is finished, the actin bundle lies in its lower energy state
than that of its coiled state, and as a result, the true discharge reaction cannot be

reversed.
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t=0.68s t=0.81s

t=1.05s t=1.24s t=1.46s t=1.7s t=2.13s t=2.3s

Figure 1-4: A sequence of selected frames of the acrosomal process. As shown in the
images, there exists a kink at the tip of the bundle and the orientation of the kink flips
left to right during the reaction. This suggests that the bundle rotates as it elongates.
During one revolution of the bundle, the tip advances by ~4.3um. The arrow indicates the
location of the tip. F: flagellum, N: nucleus or sperm head, AP: acrosomal process. Scale

bar measures bum.
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(a) - calcium (b) + calcium

Figure 1-5: Scruin consists of a calmodulin (C) and two domains, S1 and S2, and the
calmodulin lies in the neck region of the two domains. Scruin lies across the actin (A)
filament axis and is bound to actin through two separate domains. When calcium binds
to CaM changing the binding affinity to scruin, two domains of the scruin change their
orientation which allows space for actin filaments to untwist by 0.23° per subunit. [46].

What is then happening at the molecular level during the acrosomal reaction?
The acrosomal process has two major components, actin and an actin crosslinking
protein, scruin. To characterize its actin binding properties, native scruin was purified
by Sanders et al (1996) using HECAMEG (methyl-6- O-( N-heptyl-carbamoyl)-a-D-
glucopyranoside) detergent extract with high calcium. They identified the scruin as
an equimolar complex with calmodulin. Scruin consists of two domains (S1 and S2 in
the Fig.1-5 represents N- and C- terminal domains of scruin) and calmodulin(CaM)
which lies in the neck region of the two domains. Scruin lies across the filament axis
and is bound to actin through two separate domains. While one domain of scruin
crosslinks with one subunit of an actin filament, the other domain of scruin binds
to other subunit of the same filament. Their I-Calmodulin overlays and calmodulin-
Sepharose indicated that scruin binds calmodulin in calcium but not in EGTA (egtazic
acid, a calcium chelating agent), and that calcium alters scruin conformation.

The presence of calmodulin and the conformational dependence of scruin on cal-
cium immediately suggest us that calcium be the intracellular signal to trigger or
drive the acrosomal reaction. Scruin crosslinking to actin, however, was found to be
independent of the presence of calcium. In other words, the uncoiling does not involve

an on-off actin binding mechanism but only a conformational change in scruin, which
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further influences the conformation of its neighboring actin filaments [46].

Based on these results, they were able to hypothesize that a change in twists of
the actin filaments is caused by scruin, calcium, and calmodulin. Binding of calcium
to CaM changes the CaM binding affinity to the neck region of the scruin and thus
shifts the orientation of the scruin domains. Minute changes in scruin conformation
are then transmitted to the bound actin subunits which allows the actin filaments to
untwist by 0.23° between subunits [10, 8]. As the filaments untwist, the scruin-scruin
crosslinks between neighboring filaments break transiently to allow the slippage be-
tween them. Sherman et al. (1999) found a variety of non-identical contacts between
scruin subunits and filaments from the crystallographic reconstruction. This variety
of interactions permits filaments to remain bundled while undergoing the slippage
and changes in twist with respect to one another [48]. The local change in twist
is then magnified through mechanical coupling along the entire length of the bundle
(approximately 10° subunits for the entire bundle), leading to uncoiling and extension
of a 60um long structure to penetrate into the coating of the egg. On the other hand,
the energy released from the unbending events of the kinks by differential sliding of
the filaments is energetically not dominant (See chapter 3.2) [34].

1.1.3 Why the AR in Limulus sperm?

As briefly mentioned above, the force generation involved in the acrosomal process
is not achieved by ATP or any other known molecular motor mechanism. This mech-
anism only involves a structural reorganization of a preexisting actin bundle and the
actin binding proteins while initially stored mechanical potential energy in the coil
state of the bundle is converted into translational work. As this involves not only
biochemical reactions but also mechanical conversion of a coil into a straight bundle,
understanding dynamics of the reaction is crucial. Recent advances in high precision
experimental techniques such as optical tweezers, magnetic traps, high resolution
video-microscopy, atomic force microscopy, and other similar techniques have made
it possible to study the non-equilibrium mechanics at a single-molecule level. Based

on the knowledge on its function and structure, it now offers a good opportunity
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for a dynamic analysis with both experimental studies and theoretical modeling at a
biophysical level.

Understanding of this spring-like extension of the acrosomal process can be enor-
mously powerful since this reaction has every potential to be a generic mechanism
to approach other systems that involve molecular springs. Furthermore, we may be
able to explain other, yet unknown, actin-based motilities which do not involve ATP,

myosin, or actin-polymerization.

1.2 Objectives

The mechanism of the acrosomal reaction in Limulus sperm cannot be explained
with any conventional models of actin-based motility. Our primary goals are to
determine the mechanism of the uncoiling process and to quantify the energy involved
in the entire reaction. In particular, we are interested in the mechanism of energy
storage and release, and if it is indeed associated with the bending and twisting of
the filaments. This work combines experiments and analytical studies to estimate

energetics of the acrosomal reaction.

1.3 Organization of thesis

The present chapter describes the background, motivation, and objectives of this
study. Chapter 2 begins by considering various uncoiling mechanisms of the acrosomal
process and showing how a particular mechanism is consistent with the results from
the experiments. Effects of temperature, morphology, and viscosity on the reaction
rate are discussed in detail in the rest of chapter 2. In chapter 3, the energy involved
in the reaction is analytically estimated by considering the initially stored potential
energy, the hydrodynamic dissipation, and calcium binding energy released during
the extension. Chapter 4 explains an experimental method of measuring the bending
stiffness of the acrosomal bundle, namely a steady deflection method. This involves
the hydrodynamic flow of a known velocity to deflect the bundle. Chapter 5 offers

the conclusions of this thesis with suggested future works.
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Chapter 2

Acrosomal reaction in the Limulus
sperm

2.1 Global or local uncoiling?

We start our investigation by identifying various mechanism of the uncoiling in the
acrosomal process. As discussed in chapter 1, in its native state, the acrosomal
bundle features a superhelical coil of 15-80 twisted actin filaments latched by scruin
molecules. When Ca?* binds to calmodulin which lies in the neck region of scruin, the
scruin molecules undergo conformational change, leading to untwisting of individual
actin filaments. As the actin filaments untwist, the bundle uncoils to form a 60um
straight actin bundle. Two extreme scenarios of a mechanism are as follows. The first
mechanism is a global explosion model which involves simultaneous uncoiling of the
bundle, with the nuclear channel converting the change into the motion. The second
mechanism is an unzipping model where a spatially localized zone of conformational
change separates the two states of acrosome, namely coiled and uncoiled, so that only
a segment of the bundle uncoils at any one incident of time. This model is similar
to transitions in crystalline materials such as metals. In this scenario, there will be
an incremental energy release per each unlocking event of scruin, which causes the
bundle to lengthen at a nearly constant velocity.

These two mechanisms for the extension of Limulus acrosome can be distinguished
by analyzing its extension profile in time. For the case of the global explosion model,

a decrease in velocity with time is expected after a short initial explosive transition.
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Figure 2-1: Expected extensino profile in time for two possible uncoiling mechanism. (a)
is for the global explosion mechanism where the increment of elongation distance decreases
in time due to the decrease in the reaction rate. (b) correspond to the constant velocity
reaction where the extention profile is linear in time.

The localized mechanism leads to a nearly constant force and velocity throughout the

reaction due to the incremental conformation change. (See Fig. 2-1).

2.1.1 Experimental setup and procedure

Collecting and washing sperm sample

Limulus polyphemus, horseshoe crabs, were supplied by the Marine Biological Lab-
oratory at Woods Hole, Massachusetts. Sperms of the horseshoe crab (500ul) were
collected into a 1.5 ml polypropylene tube by applying mechanical stimulation to
one selected crab, i.e., by rubbing gently near its gonapores. When this mechanical
method fails, a 9 V battery was used on their flap to give them a brief electric shock
[52]. Collected sperms were washed twice in artificial sea water (ASW) by spinning
at 82g for 1 min in Eppendorf tabletop microfuge. ASW is made of 9.27mM CaCls,,
423mM NaCl, 22.94mM MgCl,, 25.5mM MgSOy, 2.15mM NaHCOj3, 9mM KCl and
10mM Tris at pH 8, and the pH of the buffer is adjusted to 7.8 to 7.9. The washed
pellet was resuspended in ASW to its original volume and kept on ice at all times.
If the collected sperm were not used immediately, sperms may be stored at 4°C as a
concentrated form. Sperms usually remain healthy for a couple of days at 4°C. Once
frozen, sperms do not undergo the acrosomal reaction even in the presence of excess

calcium when thawed. Collected sperms and all the buffers used in the experiment
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were kept on ice at all times unless otherwise specified.

Capillary flow cell

A flat capillary flow cell (~ 30ul: 18mm x 6mm x 0.3mm (length x width x depth))
was made from two coverslips (Corning, Corning, NY) to allow easy perfusion and to
prevent rapid evaporation. The flow cell was assembled on a piece of clean lens paper
that is free of dirt and oil. First, a coverslip (50mm x 24mm (length x width)) was
cut in small pieces (24mm x 5bmm) with a diamond knife to be used as supporting
legs. On an uncut coverslip, two thin tracks of vacuum grease (Epiezon) was applied
along each of the long side of the coverslip by using a syringe fitted with a 24G-gauge
needle. The spacing between the tracks of the grease was carefully done for each flow
cell so that the sample volume is consistent for all low cells. On each of the vacuum
grease tracks, two supporting legs were placed. On the top of the legs, another lines
of grease were applied for a round coverslip (18mm diameter) to sit on.

The capillary flow chamber was made for two reasons. First, it makes it easier to
perfuse calcium ionophore, calcium, and ASW to adjust to the condition and sperm
concentration optimal for experiments. Secondly, having an enclosed chamber keeps

the sample from drying out.

Acrosomal reaction velocity measurements

1 pl of the washed sperm sample was diluted in 1 ml of 25 mM CaCl; in artificial
sea water (ASW). Since the concentration of the sperm sample varies considerably
depending on the crabs and their conditions, dilution must be varied from sample to
sample. With 100X objective and 10X eyepiece, it is desired to have 5~10 sperms
per field of microscope view. Before adding sperm cells into the chamber, 30 ul of
ASW was added. This step reduces the number of sperms sticking on the surface of
the coverslips. 30 ul of the diluted sperm sample was then perfused into the flow cell
while excess liquid was drawn from the other side of the chamber. Calcium ionophore
A23187 (1mg/ml in dimethyl sulfoxide(DMSO)) was diluted 1:10 in 25 mM CaCl,
in ASW. 10ul of the diluted A23187 was then pipetted into the flow cell to induce
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Figure 2-2: A schematic of experimental setup for the imaging of the acrosomal reaction.

the true discharge. Again, excess liquid was drawn out from one side of the flow cell

while the ionophore was being pipetted into the other side.

Light microscopy, recording, and digitizing

As ionophore diffuses in the flow cell, sperms begin to react. The reactions were
observed with Nikon Eclipse TE300 inverted microscope equipped with a Nikon plan
apo-100X DICH (Differential Interference Contrast) oil immersion objective lens (nu-
merical aperture (N.A.) 1.4), 10X CFI eyepiece, and a LWD condender. Images
were acquired with a Hamamatsu CCD (Charged Coupled Device) video camera
(Model C2400-35), and video-taped simultaneously with a Sony S-VHS video cassette
recorder at 30 frames per second (See Fig.2-2). Video images of selected acrosomal
reactions were digitized at a video rate using an Apple Video Player (Apple com-

puter, Inc). At the end of each experiment, the image of a stage micrometer was also
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Figure 2-3: Elongation (d)-time (t) relationship in Limulus acrosomal process. The evo-
lution of the acrosomal process was followed quantitatively using video microscopy. The
diamonds represent the fastest elongation profile with its velocity of 37 pm/s at 32°C while
the open circles represent one of the slowest (1.7um/s) at 9.6°C. Despite the variations in
velocities with temperature, each reaction displays a constant velocity profile over the entire

extension period.

recorded and digitized as a PICT file to be used for calibration.

Data analysis

The digitized images of each reaction were saved as movie files and replayed using
an image analysis software GYROSCOPE kindly provided by Dr. Hugo Ayala from
Department of Mechanical Engineering at MIT. This software allows us to play the
movie frame by frame, measure the elongation and simultaneously create a data file

with the measurements from each frame. The calibrated measurements lead to the

elongation which is plotted as a function of time using MATLAB.

2.1.2 Results and discussions
Uncoiling mechanism

The plot of elongation versus time shows that the acrosome extends with a constant

velocity (See Fig.2-3). Although there were variations in the velocity observed from
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one sperm cell to another, in each case the velocity was constant over time. This
result is consistent with the second mechanism associated with the unzipping model.

On a microscopic scale, the conformational change in the actin-crosslinking protein
scruin probably leads to the untwisting of the actin filaments. This is a spatially
localized event and there is an incremental energy release that powers the extension.
If enough actin filaments are untwisted, the reaction proceeds spontaneously, much as
a defect propagates through a crystal once it is set in motion. From both a structural
and an energetic viewpoint, it is much easier for a zone of localized conformation

change in the filaments to propagate along the coiled bundle, as in the crystals.

Variations in the data

Factors that may contribute to the variation in the extension rate include a spatially
inhomogeneous distribution of Ca?* or ionophore, the condition of crabs, the indi-
vidual difference among sperm cells, and freshness of the collected sperm samples.
In addition, most of sperms videotaped were located near the surface of the cover-
slip, and thus the proximity of the sperms to the surface could be one of the factors.
Depending on the distance of the sperm from the surface, the moving acrosomal bun-
dle experiences different shear forces, which in turn may affect the velocity of the

extension.

2.2 Temperature dependence on the acrosomal re-
action rate

In many biological systems, it is often found that the rate of the reaction depends
on the temperature at which the reaction occurs. In the case of the temperature
dependence for the relaxation rate of a mammalian muscle twitch, the changes in the
rate constant for Ca?t binding to troponin affect the relaxation rate since the rate
constant for the chemical reaction is related to temperature by an Arrhenius equation
[49]. Ca?* also plays a significant role in the acrosomal reaction and thus the rate
of Ca?* binding to calmodulin and consequent conformation changes in calmodulin,

scruin, and actin filaments may also exhibit similar dependencies on temperature. In
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Figure 2-4: (a) Top view of the temperature controlled substrate: there is a pocket for a
flowcell(FC) to fit in. To allow space for the condenser to move up and down, the pocket
is gradually indented with enough space to make sample loading and withdrawing easy.
The upper unit has an inlet and an outlet for water circulation inside the substrate made
of aluminum(A). (b) Bottom view: 5mm thick insulator(I) (made of G10) of a circular
shape ( 7hmm in diameter) is attached to the bottom of the substrate so that the substrate
would fit into a microscope stage and an opening(O) of 30mm diameter was machined for
objectives. A narrow groove was made on the upper side of the bottom unit in such a way
that the thermocouple(TC) can be inserted through between the upper and lower units.
The schematics are not drawn to scale.

this section, the effect of temperature on the acrosomal reaction rate is investigated.

2.2.1 Experimental setup and procedure

Temperature controlled stage and flow cell

In order to have a precise control over temperature in our experiment, a temperature
controlled stage was designed. The stage is made of aluminum and consists of two
parts. The lower part is a 100mm x 100mm x 5mm plate machined such that its
one side would fit in the circular hole in the microscope stage (See Fig. 2-4 (b)).
The other side of the lower plate has a 50mm x 25mm x 2mm pocket to place a
flow cell. The upper unit is a 100mm x100mm x 12mm hollow unit with an inlet
and an outlet for water circulation (Fig. 2-4 (a)). The two parts of the stage were
hinged to allow easy opening and closure of the device for mounting and removal of a
flow cell. The temperature-controlled stage was insulated with a polymeric material,

leaving a circular opening of 30mm diameter both on the top and the bottom to
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Figure 2-5: Flowcell used for the temperature dependence experiment.

accommodate the condenser and the objective, respectively. The temperature of the
substrate is regulated by influx and outflow of heated or chilled water from a VWR-
1165 temperature regulator.

Due to the presence of a large heat sink in the path from the heated water in
the circulator to the sample, the actual temperature of the sample inside the flow
cell could be raised only upto ~35°C" when the water circulator is set at 90° C. For
effective cooling, a cooled air jet was blown directly to the flow chamber from the
bottom side of the flow cell. One end of a PVC tubing (1/2 inch innder diameter) was
connected to an air jet on the wall, and the mid region of the tube was passed through
a liquid nitrogen container. The tubing was then used to wrap the objective which
is in contact with the flow cell. The open end of the tube was situated so that the
cooled air would be blown directly on the bottom side of the flow cell. By controlling
the air flux and the heating/cooling feature of the water bath, sample temperature
was effectively lowered down to 4°C.

An Omega digital thermometer HH-21 was used to monitor the temperature from
a thermocouple (typeK, Omega) mounted between the two coverslips of the modified
flow cell to allow space for thermocouple. This arrangement provided an accurate
measurements of temperature inside the flow cell during the experiment. Fig.2-6 is
the control and its measurement. Videomicroscopy setup is identical with the one

described in section (2.1.1) (See Fig.2-2)

34



Condenser

Insulated

Thermocouple temperature controlled substrate

Microscope stage

Objectives ; :
Thermometer Liquid nitrogen  Refrigerated
bath constant
temperature
controller

Figure 2-6: A schematic of experimental apparatus for temperature dependence measure-
ment. When heating, only the refrigerated constant temperature controller is used. When
cooling, a liquid Nitrogen is used to cool the air stream inside the tubing that wraps around

the objective.

Measurement procedure

Experiments were carried about at four different temperatures, 9.7, 15.7, 24, or 32
°C. The protocol described in section 2.2.1 was used, with time in between various

steps to ensure temperature equilibrium.

Data analysis

For the motion analysis of the recorded and digitized sequences, at least three rep-
resentative reactions were analyzed at each of four different temperatures using the
image analysis software GYROSCOPE. Each experiment was calibrated with an im-

age of a stage micrometer.

2.2.2 Results

The magnitude of the velocity ranges from 1.7 um/s at 9.6°C to 37um/s at 32°C,

and shows a systematic increase with temperature (Fig.2-7). The velocity varies
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Figure 2-7: Velocity (v)-temperature (T) relationship in Limulus acrosomal process from
three crabs at 4 different temperatures, 9.6, 15.7, 24, and 32°C. Each symbol represents
a different crab and for each crab, at least three representative reactions were analyzed
at each of four different temperatures. The velocity of the acrosomal process depends on
the temperature, so that it increases as the temperature is raised. The velocity reaches a
maximum value of about 37 um/s at 32°C and minimum value of 1.7 um/s at 9.6°C. The
mean velocities among three crabs at each of four temperatures, 9.6, 15.7, 24, and 32 °C,
are 2.9, 9.2, 16, and 24.9 pm/s with its standard deviation of 1.2, 3.9, 4.9, and 6.5 pm/s,
respectively. These variations in velocity at each given temperature are due to possible
viscous wall effect, concentration of calcium, and aging.

among different cells as much as 20% at a given temperature but there is a very clear
inclination pattern of mean velocity as a function of temperature.

To relate the reaction rate with the temperature, we consider a case of kinetics
in chemical reaction in which two components A and B combine into a compound
AB. By applying the principles of statistical mechanics and chemical kinetics, we may
write R ~ e Fa/k8T where R is the rate at which A and B produce AB, E, is the
activation energy, kg is the Boltzmann’s constant, T is the temperature is Kelvin, and
e~Pa/k8T ( Arrhenius factor), as a whole, represents the probability that the reaction
will proceed [16]. In Fig. 2-8, A corresponds a latched scruin-actin complex and
B calcium binding to calmodulin, AB an unlatched scruin-actin complex, and its

reaction rate R the rate at which the scruin unlatches and the actin filaments untwist
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Figure 2-8: Energy diagram from the coiled state to the true discharge state. E; represents
the relative activation energy, EX = E,/kyT. As temperature T is increased, the relative
activation energy is decreased, resulting in a lower energy barrier between two states. With
a lower energy barrier, it is more likely that the reaction will proceed from A to AB where
A represents a latched scruin and AB refers to an unlatched scruin, and thus we expect
an increase in its rate. Sy, Sg, and C refer to two domains of scruin and calmodulin,
respectively.

with respect to one another. The positive correlation of the extension velocity with
temperature is related with a decrease in the relative activation energy of the reaction.
Consequently, the lower barrier between the coiled and uncoiled states enhances the
reaction rate.

If the individual unlatching or untwisting events were independent and each event
occurs randomly at a constant rate, the system would obey Poisson statistics. We
would then expect the mean value of the velocity equals the variance of the velocity.
As shown in Fig. 2-9, however, this is not the case here; the mean velocity and the
variance of the velocity are not equal to each other. This indicates that the individual
unlatching of scruin is not an independent but a cooperative process due to the elastic
coupling between monomers in a filament [34].

So far, we have learned two facts about the unlatching event of the scruin molecules.

One is that each unlatching event is localized and it propagates like a unzipping mech-
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Figure 2-9: (a) Increase in variance (V) with increase in temperature (7): At four different
temperatures (roughly 4, 16, 24 and 32°C), velocities of 5-10 sperms were measured and the
variances at each temperature were computed based on the Eq 2.1. Each symbol represents
a different batch of sperms on a different day. (b) Relationship between the variance (V)
and the mean of the reaction velocity (vmeqn): The linear graph represents the line at which
the mean value equals the variance. If the scruin unlatching events were generated in accord
with the Poisson process assumptions, the mean value and the variance would have been
equal to each other.

anism. The other is that each of this unlatching event is cooperative rather than

independent.

2.3 Morphological dependence on the acrosomal
reaction velocity

At a given temperature, the average values of the acrosomal reaction rates differ
from one batch to another besides the variation among individual cells. One batch
of sperms means a pool of sperms collected from one crab at once. For example, the
average acrosomal reaction rate of the sperms collected from one crab on March 3,
2000 was 7.1+1.1 pum/s, 12.94£2.9 ym/s on March 14, 2000, 9.0+1.3 pm/s on April 10,
2000, and 13.7+3.4 yum/s on May 15 while the temperature was somewhere between
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21~24°C. To track down the causes of the variation in the data, we investigated
whether there is any relationship between the reaction rate and the morphology of

the sperms studied using electron microscope.

2.3.1 Experimental procedure

Six crabs were randomly picked and marked. Sperms were collected only once a week
at the same time of the day. 1ml of sperms were collected from all 6 crabs and labeled
clearly. Half of the collected sample was used for the velocity experiment and the
other half was fixed and embedded for electron microscopy. The experiments were

repeated three times.

Velocity measurement using light microscopy

Velocity measurement, experiments were carried out as described in section 2.1.1.
Each step of the experiment was carefully scheduled and repeated in the same way
for each trial (See Table 2.1). For each batch of sperms, the acrosomal reactions were
induced by adding the calcium ionophore A23187, and 5-10 different reactions were
recorded at a controlled temperature (26+0.6°C). Each recorded movie was digitized,
and the velocity of each reaction was measured by fitting the elongation distance vs.
time plot to the first order linear graph. Then, the average value of the 5-10 velocities
was calculated for each batch. The batches with the slowest and the fastest average

velocity were selected for further electron micrograph analysis.

Electron microscopy

The sample preparation for the electron microscopy was kindly performed by Nicki
Watson from the Whitehead Institute, Cambridge, MA [37]. Six batches of sperm
were washed once in ASW (Artificial Sea Water) and then fixed in 2% glutaraldehyde
in ASW one batch at a time at the same time as the velocity measurement experiment.
Timing of this fixing step was done with care to minimize any discrepancy between two
procedures, namely the velocity measurement experiment and the electron microscopy

experiment. After fixing for an hour, the sperms were washed briefly in ASW and
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Table 2.1: Schedule for Morphology experiment.

Time Step

10:30 am  Collect sperms from each of 5 selected crabs

12:00 pm  Wash sperms by short spin in ASW

12:20 pm  Dilute sperms of crab 1 in 25mM CaCl; in ASW, 1:1000

12:30 pm Prepare a freshly diluted calcium ionophore

12:40 pm  Begin the experiment and fix sperms from crab 1 in 2% glutaraldehyde in ASW
1:30 pm  Dilute sperms of crab 2 in 26mM CaCly in ASW, 1:1000

1:40 pm  Prepare a freshly diluted calcium ionophore

1:50 pm  Begin the experiment with sperms from crab 2 and fix them for EM simultaneously
3:00 pm  Dilute sperms of crab 3 in 26mM CaCls in ASW, 1:1000

3:10 pm  Prepare a freshly diluted calcium ionophore

3:20 pm  Begin the experiment with sperms from crab 3 and fix them for EM simultaneously
4:00 pm  Dilute sperms of crab 4 in 25mM CaCly in ASW, 1:1000

4:10 pm  Prepare a freshly diluted calcium ionophore

4:20 pm  Begin the experiment with sperms from crab 4 and fix them for EM simultaneously
500 pm  Dilute sperms of crab 5 in 25mM CaCly in ASW, 1:1000

5:10 pm  Prepare a freshly diluted calcium ionophore

5:20 pm  Begin the experiment with sperms from crab 5 and fix them for EM simultaneously
6:00 pm  Dilute sperms of crab 6 in 26mM CaCly in ASW, 1:1000

6:10 pm  Prepare a freshly diluted calcium ionophore

6:20 pm  Begin the experiment with sperms from crab 6 and fix them for EM simultaneously
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Figure 2-10: Selected Limulus spermatozoon from morphology experiment. L. II. and III.
indicate a batch from crab no. 5, 1, and 4, respectively. I and III were the slowest while
II was the fastest batch. As evident from these images, all of them show indistinguishable
morphological features: AV. Acrosomal Vesicle, AF. Acrosomal filament, N. Nucleus, NA.
Nuclear appendage, CC. Circumnuclear cisternae, C. Collar, F. flagellum

fixed in 1% O,04 in 0.1 M phosphate buffer at pH 7 for 1 hour at 0°C. The sperm
were then dehydrated in acetone and embedded in Araldite.

The fastest and the slowest batches were selected from the previously described
velocity measurement procedure and thin sections of those two fixed and embedded
samples were cut with a diamond knife on a Sorvall Porter-Blum Ultramicrotome II.
The cut sections were stained with uranyl acetate and lead citrate, and viewed in a
Philips 200 electron microscope.

Electron micrographs of the sections from two extreme batches at different mag-

nifications were compared to see if there is any morphological difference between two
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extremes. Also, sperms from each batch were compared. The same procedure was

repeated three times.

2.3.2 Size measurement

Fahrenbach mentioned in his paper that immature sperms tend to have shorter acro-
somal process (~ 25um) while the mature length of the acrosome bundle reaches
about 50um [14]. To find out whether there is any correlation between the size of the
sperm and the reaction rate, sizes of 20-30 randomly picked sperms were measured
and compared with their reaction velocity. Four values were measured from the digi-
tized images of the acrosomal reactions from three batches. Although there involved
some degree of inaccuracy in measuring the size of the three dimensional sperm head
from digitized one dimensional images, special care was taken to keep consistency in
measurement. For example, measurements were taken only on those sperms that are
lying perfectly in the plane of focus from the top to the bottom so that the acrosomal
vesicle appears clearly as about 1/5 of the sperm head. The measurements from each

experiment were calibrated with the digitized images of a stage micrometer.

2.3.3 Results
Morphological dependence

Fahrenbach reported morphology of spermatozoon at different developmental stages
[14]. In his studies, testes of mature male were fixed and sectioned at various times
of the year. Consequently, he could observe different features of developing sperma-
tozoa before they filled the seminifereous tubules to be ejaculated upon stimulation.
Fahrenbach describes that as the meiosis progresses spermatids join to one another by
intercellular bridges in group of four. Once the bridges are disintegrated, most aspects
of the spermatozoa are completely differentiated. At a late stage in spermiogenesis,
the yet-immature spermatozoa fill the seminiferous tubules where they mature fur-
ther to be released. Yet, occasionally immature spermatozoa are also released by
early rupture of cysts.

The easiest way to distinguish mature sperms from the immature ones may be the
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nuclear appendage (See Fig.2-10) since the nuclear appendage develops most slowly.
It starts as a crescentric region of uncondensed chromatin next to the nuclear envelop
and comes to completion (0.4-0.6 um) last in the mature spermatozoon. The collar
(C in Fig.2-10) is another feature that can be relatively easily distinguished in mature
spermatozoa. In mature sperms, the length of the collar reaches ~ 1.7um, and the
collar wall becomes unsymmetrical. The number of loops in the coil may also be used
to determine the maturity of the sperm since the filaments grow as it develops. Lastly,
the widely dilated circumnuclear cisternae withe the contained acrosomal bundle are
characteristic of a mature spermatozoon. |

We were able to find all of the four distinct features that differentiate mature
sperms from the immature ones. Based on what we observed, however, we could
not find any morphological differences between the slowest and the fastest batches
of the sperms. All of them had 1) well developed collars, although their lengths and
thickness varied, 2) at least 6 loops in the coil, and 3) widely dilated circumnuclear
cisternae at the posterior end of the nucleus (see Fig.2-10). These observations imply
that the sperms used for our experiments were all in fact matured ones, and thus
they exhibit more or less identical morphology. Fahrenbach said in his report that
fully mature spermatozoa are observed mostly during the breeding season, which is
late spring. Our morphological dependence experiment was done in June. If what
Fahrenbach observed is correct, it may be no surprise to observe no obvious mor-
phological differences. Unless we collect sperms directly from testes before and after
they mature, and repeat the same experiment, it seems to be difficult to correlate the
reaction rate to morphology of the spermatozoa.

We also looked if the slowest or the fastest batch of sperms was consistently the
slowest or the fastest for this may indicate that the particular crab is unusually un-
healthier than normal or exceptionally healthier than the rest. However, as indicated
in table 2.2, there was no consistency in which of the batches was the slowest or the
fastest. For instance, the batch from crab 4 was the slowest on the first two trials and
the fastest on the last trial. The average reaction rate of the batch from crab 1 was

once 31.1+4.4pm/s while it was only 15.9410.6pm/s in other time, which suggests
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Table 2.2: Chart for the average velocity of sperms from 6 selected crabs for three trials

(velocities in pm/s): ’+’ indicates the standard deviation.

Trial no. Ve crab 1 crab 2 crab 3 crab 4 crab b crab 6
I Vage 31.1+4.4 | 23.6+8.7 | 24.945.0 | 15.846.2 | 15.3+6.2 | 26.8+£10.9
fastest slowest slowest
II. Vape 19.4+£54 | 26.8414.9 | 21.0+4.3 | 18.5+6.5 | 14.8+3.5 | 16.3£5.4
fastest slowest
IT1. Vape 15.94+10.6 | 13.3+1.8 | 13.1+3.5 | 17.6+£7.6 | 17.6+5.1 | 11.1+2.1
fastest fastest slowest

Table 2.3: Average size comparison among three batches (in pm) : ’%’ indicates the

standard deviation in the data.

Batch no. | Vape(um/s) | length | width | flagella | acrosome

I 7.1+1.1 6.5+0.5 | 5.1+£0.3 | 35.3£2.2 | 59.44+2.8
I1 9.0£1.3 6.4+£0.4 | 5.1+0.6 | 37.4+£3.0 | 61.5+4.5
111 12.94+2.9 | 6.2+0.4 | 4.9£0.3 | 35.84£2.7 | 62.8+4.6

that it be random.

Size dependence

The results from the size dependence experiment are summarized in table 2.3. As one
can notice, there is no obvious trend between the sizes and the average reaction rate.
Although there seems to be a slight increase in the length of the acrosomal process
with the increase in the average reaction rate, these results are not conclusive since

the differences in their average values are smaller than the variations in the data.
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2.4 Effect of viscosity on acrosomal reaction veloc-
ity

The velocity of an object moving in a low Re environment depends on the net force
applied. In order to study the effects of the environment and determine if viscous
resistance is what limits the speed of the acrosomal reaction, the viscosity of the
medium through which the acrosomal process extends was raised to several different
values.

By investigating the influence of viscosity on the velocity of the extension reaction,

it is possible to learn the relative significance of resisting mechanisms present in the

system.

2.4.1 Selection of viscous medium

In the context of experiment, the viscous solution for our experiment must be chem-
ically inert so that it does not interfere with the acrosomal reaction both chemically
and mechanically. Its pH, ionic strength, and its composition should remain as close
to the sea water as possible. Hunt et al. [21] have tried four different solutions in
searching an appropriate viscous medium for the microtubule motility assays and
eventually used a composite liquid called visc-mix, made of a combination of long
chain polymers and spherical polymers which seemed to best.

Since the diameter of microtubules is about 30 nm, comparable to that of the
acrosomal process,the polymers used for the visc-mix should also work for our purpose.

A modified visc-mix, called visc-mix II, was prepared and used in our experiments.

Preparation of the medium

Visc-mix II-1 100% stock solution consists of 10%(w/v) dextran (Sigma, average
molecule mass 67kDa) and 5% Ficoll-400 (Sigma, molecule mass 400kDa) in 25mM
CaCly artificial sea water (ASW). These stock solutions were diluted further into 5
different concentration with 25mM CaCl, ASW to obtain a series of viscous solutions.

100% stock solution, 80%, 50%, 30%, and 10% dilutions were made, and well-mixed
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Figure 2-11: A schematic of a U-shape ubbelohde viscometer.

with a magnetic stirrer. Visc-mix II-2 100% stock was made of 8%(w/v) dextran and
4% Ficoll-400, and it was diluted further into 70, 50, and 20%. Visc-mix I1-3 100%
stock consists of 7.5%(w/v) dextran and 3.75% Ficoll-400, and a 60% and a 45%

dilutions were made. All solutions were kept at 4°C to prevent any bacterial growth.

Viscosity measurement

For series of diluted visc-mix II solutions used in our experiment, three different U-
shape Ubbelohde viscometers (Technical Glass Products, Inc) were utilized (see Fig.
2-11). Each solution was loaded into an appropriate viscometer upto the line indicated
as A, and the solution inside the tube was drawn with suction until the upper meniscus
reaches about lem above the line indicated as B. As the liquid passed through the
line B, we began timing until the upper meniscus reached the line C.

These U-shape Ubbelohde viscometers measure kinematic viscosity. Therefore,
the densities of each diluted solution of visc-mix II were also needed to be known.

To minimize any errors, the solution was very slowly pipetted in, the pipette tip
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Table 2.4: Viscometers used to measure the kinematic viscosity of the visc-mix II-1, 2, 3:

CC indicates a calibration constant provided for each viscometer at a given temperature.

No. | Range(cs) | CC at 20°C(cs/s) Visc-mix
1 | 20-100 0.10655 II-1 (100, 80%), II-2 (100%), I1-3 (100%)
2 3-20 0.01497 11-1 (50, 30%), I1-2 (70%),11-3 (65%)
3 0.3-3 0.0112 I1-1 (10%), I1-2 (50, 10%),I1-3 (45%)

was left in the solution for a sufficient time, and the mass of both pipette tip and
the liquid inside the tip was measured using a scale (Mettler-Toledo, Inc (Model:
AB104)). The scale was set to zero with a clean pipette tip on it. Measurements
were repeated 3 times for each dilution. For each dilution, pipetted volume and its
mass were recorded, and the dynamic viscosity (DV) was obtained by multiplying
the kinematic viscosity (KV) and the corresponding density of the medium (See table

2.5).

2.4.2 Apparatus setup and sample preparation

The capillary flow cell was situated in a temperature-controlled stage described in
section 2.2.1 whose temperature is regulated by circulation of cooled water. Tem-
perature of the refrigerated constant temperature circulator was set at 10°C and the

temperature of the sample was measured to be 25.1+0.4°C.

Preparing sperm sample

We followed the same procedure as in 2.1.1. The washed and resuspended sperm
sample was then divided equally into 6 tubes. Sperms in number 1 tube was diluted
with artificial sea water (ASW) with 25 mM CaCl,, 1:200. Ones in number 2, 3, 4
and 5 were diluted 1:200 with the prepared 10%, 30%, 50%, 80%, and 100% visc-mix
II, respectively. Calcium ionophore A23187 (2mg/ml in 95% ethanol) was diluted in
the ASW, 1:100. For previous experiments in section 2.1 and 2.2, A23187 dissolved
in DMSO was used. Since DMSO is toxic, we began to use 95% ethanol instead.
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Table 2.5: Viscosity of each dilution measured with U-shape Ubbelohde Viscometer: (1)
Composition(%in w/v): D indicates dextran(67kDa) and F indicates Ficoll-400 (400kDa),
(2) Concentration, (3) Kinematic Viscosity (cs), (4) Density(kg/m?), (5) Dynamic Viscosity

(cp)-
Visc-mix | Composition | Concentration(%) | KV(cs) | Density(kg/m?) | DV(cp)

I1-1 10%D-5%F 100 36.44 1080 33.7
80 20.54 1073 19.1
50 7.78 1059 7.34
30 4.4 041 4.23
10 1.53 1014 1.51

11-2 R%D-4%F 100 29.13 1072 27.2
70 12.16 1050 11.58
50 5.69 1038 5.47
30 2.81 1025 2.74

1I-3 7.5%D-3.75%F 100 28.77 1065 27.0
65 7.33 1051 6.98
45 4.86 1038 4.68

A23187 can be dissolved better in completely in ethanol at low concentration. Above
2mg/ml, however, it is necessary to increase the temperature of solvent to ~45%°C
and wait till the A23187 powder is completely dissolved. Sonication of the solution
often helps as well. Once it is completely dissolved, the stock should be aliquoted
and kept in a freezer for later use. It is recommended that all the dilutions be made
fresh right before the experiment and all the samples be kept on ice unless otherwise

specified.

Recording, digitization, and measurement

Each diluted sperm sample in different solutions was pipetted into the flow cell and
1041 of diluted ionophore was added to induce the reaction. The images were acquired
with a Dage MTI camera and recorded with a Sony SVO-9500MD Super-VHS video
recorder. Images were then digitized using a SNAPPER frame grabber and a OPEN-
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Figure 2-12: A plot of the reaction velocity (v) as a function of viscosity (i) of the medium
(in cp: lep=10"3kg/m's). Each symbol (o, o, and * ) represents a set of experiment done
with visc-mix II-1, II-2, and II-3, respectively. Although there is a great deal of variation
in the data at each viscosity, we observe a negative correlation between the reaction rate
and the viscosity. The inset is the data from Visc-mix II-2 only, which exhibits a clearer
correlation. The axes are the same as the main plot. The solid line is the curve that best
fits the experimental data: v=exp(—0.085 - u + 2.8) + 8.1.

LAB software (Improvision, Inc). All the velocity measurements were made using
OPENLAB. As in section 2.1.1, an incremental extension distance was measured for
each frame and the data were saved as a mat file. The elongation was then plotted

as a function of time using MATLAB.

2.4.3 Results and discussions

As shown in the Fig. 2-12, there is an overall negative correlation between the reaction
rate and the viscosity of the medium. In the region from 1cp to 10cp, it appears that
the variations present among measurements at each viscosity are so large that no
conclusive trend is observed although the trend is more clear in each set of experiment
(See inset of Fig. 2-12). Provided the same amount of initial energy, the rate of the

acrosomal reaction in a highly viscous medium is expected to become slower owing to
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higher viscous dissipation acting against the moving acrosome. Below 10cp, however,
the increase in viscosity does not seem to affect the reaction rate as much as one
may expect. This may suggest that the energy supply in the system is sufficient to
overcome the extra drag exerted by the medium upto a certain limit. The effect of the
external load becomes apparent as the viscosity of the medium exceeds 25cp, which is
25 times greater than that of water. The average velocities measured in ASW (1cp)
and in the 100% visc-mix differ by more than 2 folds.

Variations in the data within each experiment may be due to the proximity of
the extending acrosome to the coverslips, a spatially inhomogeneous distribution of
Ca?* or ionophore, the inhomogeneity in fluid viscosity, and the individual difference
among sperm cells (discussed in Section 2.1.2). Variations in the average velocity
among three experiments may be due to the individual difference in crab’s health or
condition.

We could not increase the viscosity of the medium any further for the following
experimental difficulties. When a solution of 57.8cs was used, we first had a difficult
time adding sperm cells into the solution. Sperm cells were all aggregated and made it
difficult to monitor a reaction happening. Moreover, having a highly viscous solution
inside flow cell resulted in poor optics.

When we measured the viscosities of the prepared solutions, we only measured
macroscopic viscosities without considering what the microscopic behavior of the
polymer solution could be. Therefore, there remains one concern about the micro-
scopic viscosity measurement. As mentioned earlier, it is crucial to have polymers
whose sizes are smaller than the diameter of the acrosomal bundle to avoid the prob-
lem of having a behavior like porous gel. Hunt et al measured a microscopic viscosity
of their vics-mix by analyzing the Brownian motion of fluorescent latex beads and
microtubules in it. From this study, they found that the Brownian motion was in
good agreement with the macroscopic viscosity, and there was no indication of porous
gel-like behavior. The diameter of Ficoll-400 is 3.5nm, and the diameter of dextran is
estimated to be about 6nm. The solute molecules are about 5-10 fold smaller than the

diameter of the microtubules. Since the diameter of the acrosomal bundle is approxi-
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mately 3 times that of microtubule, it seems reasonable to assume that the polymers
used are sufficiently small compared to the diameter of the acrosomal bundle, and
thus it is unlikely that our solutions, visc-mix II series, would behave like a porous

gel.
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Chapter 3

Estimation of energy involved
during the reaction

3.1 Introduction

Mahadevan has previously performed a first order approximation of the energy in-
volved in the acrosomal process based on results from Tilney and DeRosier 8, 9,
10, 52]. This chapter is based on the discussion of the energy estimation from our
preprint [34].

As mentioned in chapter 1, we learned that there is no ATP or actin polymer-
ization involved in the acrosomal reaction but only two proteins, actin and scruin,
that undergo a dramatic conformational change in the presence of Ca?*. From the
biochemical and structural studies on the actin and scruin along with calmodulin, it
has been hypothesized that the energy arises as the initially bent and twisted actin
bundle straightens out, most of which is dissipated hydrodynamically during the pro-
cess. Based on this hypothesis, we now estimate the total energy involved in the

reaction.

3.2 Strain energy stored in the coil

In this section, the initially stored mechanical potential energy in the coil is esti-
mated. Observation of true discharge reaction using a light microscope with a 100x
objective reveals no fluctuations in its shape, which allows us to treat the bundle as

an overdamped elastic rod. Electron micrographs of the acrosomal bundle shows that
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the bundle is tapered from 85 actin filaments on its posterior end to 15 filaments on
its anterior end (lying in the nuclear channel). For simplicity of the analysis, however,
we assume a uniform cross-sectional area along the bundle for now. Also, considering
that the filaments are hexagonally packed in the bundle, we may assume that the
rod is isotropic to a first approximation, i.e., the elastic properties are the same in all
directions.

In its coiled state, the bundle is a twisted and bent rod latched by scruin molecules.
DeRosier and Tilney [10] estimated from electron micrographs of the freeze-fracture
pictures and diffraction patterns that the filaments in the bundle are over-twisted by
0.23° per monomer. In addition, as shown in Fig.1-3, the bundle is not uniformly
bent into a smooth loop but kinked into a polygonal shape with 14 elbow and arms.
Mahadevan et al.[34] proposed that these kinks be low-angle tilt boundaries [36]
induced by the differential sliding between the actin filaments.

The stored energy in a twisted and bent isotropic circular rod, which is naturally
straight, is

U= % / (EIK? + GL%)dz

which can be simplified for constant EI, GI,, k and T as
L 2 2
U= E(EIK, + GI,7*) (3.1)

where ET is the bending stiffness of the actin bundle, GI, is the twisting stiffness, «
is the curvature of the coil, 7 is the twist per unit length, and L is the total length of
the bundle [30]. The bending stiffness (flexural rigidity), E1, is a product of Young’s
modulus E and the moment of inertia I, and it is the measure of the resistance of a
rod to bending. The twisting stiffness (torsional rigidity), GI,, is an analogous form
of ET for twisting, and represented as a product of the shear modulus G and the
polar moment of inertia I,. The EIk® term represents the energy associated with
bending while GI,72 represents the twisting energy of the actin filaments.

The energy associated with the edge dislocation in the kinks scales as the angle
between two polygonal sides, and is typically much smaller than that in the uni-

formly distributed twist deformation [34]. Therefore, we assume that energy released
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Figure 3-1: External drag force (fzr,) must balance the internal elastic bending force as
the acrosomal process extends out through medium which can be modeled as an elastic
rod moving through a viscous liquid. N: nucleus, C: coiled bundle, AV: ruptured acrosomal
vesicle, AP: acrosomal process, F: flagellum.

from untwisting of the actin filaments dominates over the energy released from the

unbending events of the kinks by differential sliding, which permits us to write
L
U~ §GIPT2. (3.2)

Since there is ~ 840° twist per loop of coil whose circumference is approximately
10um [8], we obtain a twisting strain per unit length, 7 ~ 84°/um = 1.5rad/pm.

To estimate the mechanical properties of the acrosomal process, we consider the
dynamics of an elastic rod bending in a viscous medium (See Fig. 3-1). As the
rod moves in the viscous liquid, the elastic bending force must be balanced by the
hydrodynamic drag force exerted against its bending motion, and this relation can

be written as

Oy(z,t) Oy
ot _Elax‘*

where ( is a drag coefficient per unit length for transverse motion (See chapter 4.2

¢ (3.3)

for derivation). By scaling analysis, we have
L~ (EI/¢w)'* (3.4)

where [ is the characteristic length in z, and w is the characteristic time. Careful
observation of the decay of bending disturbances in the bundle reveals that the bundle

oscillations are dominated by the dynamics of the lowest mode with A = 2[. The

o4



lowest mode is the slowest mode which approximates the shape of the acrosomal
bundle during the relaxation (See Appendix A and Fig. A.6.). ¢ for a long circular
rod moving in an unbounded medium is solved by Tirado and Garcia de la Torre
(1979), and is given in Table 4.1 as

AT
In(l/2r) + 0.84]

C:[ ~2x10%kg/m-s

where 4 is the viscosity of water,~ 1072 kg/ms, [ the length of the bundle, 60um,
and r the average radius of the bundle, 35nm. Using {, ! and w ~ 0.557!, we find EJ
from the Eq.2.3 to be ~ 2.6 x 107'% dynes- cm? (2.6 x 1072 Nm?). Since EI ~ GI,
for an isotropic circular rod, the stored energy in the coil can be estimated using the

Eq.(3.1) with given parameter values as

L
U ~ 5Gfprz’ ~ 1.75 x 10 °ergs(1.75 x 10712J)

3.3 Hydrodynamic energy dissipated during the
extension

Here, we consider a case in cellular biological scale, with its typical length L in
micrometers , time t in seconds, and a kinematic viscosity v to be about that of
water (~ 107® m?/s). Based on the average diameter of the acrosomal bundle (~
50nm) and the velocity of the acrosomal reaction (~ 154 m/s), the Reynolds number
is, Re= UD/v =~ 10714/107% ~ 1078. This represents a low-Reynolds number or
Stokesian regime in which a viscous effect dominates over an inertial effect.

Based on the unzipping mechanism for extension, the reaction proceeds as the
scruin and actin change their conformation subunit by subunit. The potential energy
is then converted to translational work which is then dissipated during the passage
of the bundle through the nuclear channel and the viscous environment of the sperm.
What are other sources of dissipation during the reaction? There are viscous dissi-

pation occurring outside the sperm, rotational drag in addition to the translational
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drag, end effects of the entrance and exit of the nuclear channel, sliding friction be-
tween filaments, and work to stretch membrane as the acrosomal process carries the
outer membrane of the sperm during extension.

The nuclear channel is very narrow, and the clearance between the channel wall
and the bundle surface is only of the order of a few nm (while the average diameter
of the bundle is approximately 70nm). Therefore, we may assume that the dissipated
energy by translational drag inside the nuclear channel dominates over that in the
free medium outside the sperm head. As pointed out in chapter 1, the bundle not
only extends forward but also rotates around its axis due to its relaxation of the
helical structural feature from the coiled state. This effect due to rotational drag is
also assumed to be negligible compared to the translational drag inside the nuclear
channel since the diameter of the bundle is about three orders of magnitude smaller
than the length of the bundle. To simplify the analysis further, we may ignore the
small end effects associated with the entry and the exit of the bundle into and out
of the nuclear channel. Also, it is likely that there would be some energy loss due to
frictional sliding between actin filaments during the uncoiling, but this effect should
be small and thus neglected in this analysis.

It has been observed from electron micrographs of the acrosomal process that the
extending acrosomal bundle is surrounded by a outer plasma membrane of the sperm
head. Is the membrane being stretched 60um from its unstretched form during the
reaction? Carefully studying the electron micrographs of the thin sectioned sperm
head, one may notice that the plasma membrane around the sperm head is severely
wrinkled. This observation is consistent with the fact that a polymer, an analogue
of a membrane, exists as a highly disordered wrinkled form in its stress-free equi-
librium state. Presence of wrinkles in the Limulus membrane suggests a plausible
mechanism of unfolding of the wrinkles rather than stretching during the extension
of 60um acrosomal bundle, and the associated energy with unfolding is assumed to
be small compared to hydrodynamic dissipation energy. Based on these assumptions,
we assume that most of the stored energy is dissipated hydrodynamically inside the

nuclear channel, which will provide us a lower bound of the required energy in the

o6



system. Validity of the stated assumptions will be discussed in the following section,
chapter 3.4.

The total rate of energy dissipation due to viscosity is

%:E:///Vﬂ(w)?dv.

In a cylindrical coordinate, this is simply

E= / / /V u(Vu)2rdrdfdz. (3.5)

As shown in this equation, we must know the velocity profile u of the fluid inside
the nuclear channel in order to obtain the energy rate F. The acrosome bundle
moving through a nuclear channel can be modeled as a cylindrical rod moving axially
inside a stationary circular cylinder (See Fig.3-2). For the case of viscous liquid
flowing through a long straight tube of circular cross-section, the streamlines of the
flow should be all parallel to the cylinder axis. Therefore, the radial and tangential
velocity components are zero (u,=us=0). Due to the axial symmetry of the flow, the
axial velocity component u, is only the function of the radial coordinate r. For an
incompressible fluid with constant viscosity p and no gravitation effect, the governing

equation (the Navier—Stokes equation) takes the form of

Du -1 9

For the circular Poiseuille flow in the nuclear channel, the Navier-Stokes equation
can be simplified to the form:

1d, du,, 1ldp

The general solution of this equation is
1d
U, = Z;L-d—zz)'lz—{—clhl?"-{-CQ. (38)

Although p is a function of the axial coordinate z, the pressure gradient dp/dz is
constant, which permits us to set

1 dp
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Nucleus

Nucleus

Figure 3-2: A schematic of the acrosomal bundle moving through a nuclear channel. AP
stands for the acrosomal process, 7 is the shear drag along the bundle, r; is the average
radius of the bundle, 0.035um, and r, is the radius of the channel, 0.040um.

Now we need three boundary conditions for three unknowns C;, Cs, and Cs. The

appropriate boundary conditions are

u,=—v at r=n (3.10)
=0 ab = (3.11)
To
&= 27r/ u,rdr = (u,)2mry(rs — 73) (3.12)

where r; is the radius of the inner cylinder (the acrosome bundle), r, is the radius
of the outer cylinder (the nuclear channel), v is the velocity of the acrosome bundle,
and @ is the net flow through the annulus which is (u,)27nr,(r, — r;) in this case (See
Fig.3-2) where (u,) the average velocity of fluid (v/2).

By substituting Eq. 3.10 and 3.11, we get

In(r/r0) (1o — 13%) e In(r,/7)

In(r,/7;) In(r,/r;) (3.13)

u, = Cs |r,2 —r +

Eq. 3.13 can be plugged into Eq. 3.12 to obtain the expression for C3 using a software
Maple (Waterloo Maple Inc):

C. — —3v[2(r; — 1) + 7o In(ry /7o) (i — 16 — 2)]
L [(27:3 — 373 + 1,3) In(r3/15) — 3( 163 — 1216 — 1,21 + 1:%)]

By replacing the C; in Eq. 3.11, we obtain u,:
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Ti In(r/r,)(ro% — ;%)
—3v |2(r; — 1) + 1o In(— Ti—TO—Q]{TOQ—r2+ o
u, = ( : (To)( ) In(r,/r;) N v In( 7")
z 2[(215° = 310 + 1) In(ri/10) = 3(r, — i1y — r?ri + %)) m(Z)"
T‘.
(3.14)

Given this velocity profile, we now go back to Eq. 3.5 to solve for E. As mentioned,
there is only axial velocity component u, in this problem, and w, depends only on
the radial coordinate r. Therefore, Vu = du,/dr. We first differentiate u, (Eq. 3.14)
with respect to r, and the result is squared to be integrated over the entire volume of
0<2<,0<0<2m, and r; <r <7, From calibrated electron micrographs of the
thin sectioned Limulus sperm [37], r,, r;, and [ (length of the channel) are measured,
and their values are r; = 0.03bum, r, =~ 0.040pum, and [ = bum. u of the cytoplasm
was assumed to be that of water to a first approximation, and a typical extension

velocity is v & 15um/s. Given these values, we obtain
E=22x10717/s = 2.2 x 10 %rgs/s

Since the velocity is constant and the average duration of the reaction is typically
about 5s, an estimate of the total energy dissipated during the reaction is of the
order of Bt ~ 1.1 x 10~%ergs. We must remember, however, that the velocity of the
acrosomal reaction varies from 1.7 ym/s to 37 pm/s depending on temperature. With
the slowest velocity, the dissipated energy is approximately 1.4x 10719 ergs while the
highest value of the velocity yields the dissipated energy inside the nuclear channel to
be ~ 6.7x 10~ 8ergs, which is still one order of magnitude smaller than the estimated
energy stored in the coil. Thus, the hydrodynamic dissipation in the nuclear channel

provides us the lower bound estimate of the energy stored in the coil.

3.3.1 Validity of assumptions in estimation

To verify the validity of our assumptions, we can first compare energy dissipated
inside and outside the nuclear channel due to translational drag in the fluid. Then
the energy dissipation due to the rotational drag can be estimated to be compared
with the other two estimates. The energy dissipated inside the nuclear channel was

estimated to be of the order of 1x1078ergs (1x1071J).
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The rate of energy dissipation outside the head can be estimated by calculating
the hydrodynamic drag force exerted on a c¢ylindrical rod moving parallel to its long
axis in an unbound fluid and multiplying the force by its velocity, E = Firagv. As
given in Eq.(2.4) and Eq.(4.6), Farag = (uz(t) = 2rpx(t)v/[In(L/2r) — 0.2], where (|
is a translational drag coefficient per unit length parallel to its long axis, v is again the
velocity of the acrosomal reaction (15um/s), p is the viscosity of the medium (water
in our case) (107%kg/m-s), and r is the radius of the bundle (0.035um). We use z(t)
instead of L, the total length of the actin bundle, since the length of the bundle
experiencing the drag changes in time. Therefore, the energy dissipation outside the

sperm head can be obtained as
t . t , t o, , t 300 0 Cn’U3t2
E= /0 Edt = /0 Fragudt’ = /0 Quz(t)dt’ = /0 Guet'dt’ = 5 (3.15)
where we used z(t) = vt. A typical velocity of the reaction v=15m/s, t=4s, and
p=10"3kg/ms, yield the energy dissipation outside the head to be approximately
2.7x10 ergs (2.7x10717J).

We should also consider a case where the bundle is moving very near the surface
rather than in an unbounded fluid. As discussed in chapter 2, this is the case similar
to our experimental condition where most of velocity measurements were done on the
sperms reacting near the surface. The average distance between the surface and the
acrosomal bundle ! lies between 1 and 3 pm. For an infinitely long cylinder moving
near surface, the drag coeficient is given in Eq.4.5 as oy = 2rpuL/ cosh™'(h/r), where
h is the the distance from the surface [24]. For the bundle moving near the surface, hy-
drodynamically dissipated energy is estimated to be 4x 1071 ergs (4x10717J), which
is larger than the unbounded medium case, as expected.

Einsidze > 40 E utsidze and thus our assumption that most of energy is dissipated
inside the nuclear channel was in fact valid. The difference in the dissipated energy
inside the nuclear channel and in the medium will be even greater in reality owing to

the fact that the viscosity of the cytoplasm is greater than that of water.

IThe distance was measured first by focusing down at the surface on a slide with grids on, second
by turning the focusing knob slowly until the acrosomal bundle comes in focus, and third by reading
the increment off notch marks on the focusing knob.
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Let us now consider the dissipated energy due to rotational drag. As mentioned
in chapter 1, the actin bundle in its coiled state has 2.3 turns around its axis. Conse-
quently, the extending bundle makes ~ 2.3 revolution per loop of the coil discharged.
From the Fig. 1.4, we learned that the acrosomal bundle rotates as it extends, and its
tip advances by ~ 4.3um for one revolution, which yields total ~5023° rotation (15
revolution) for a 60um long bundle. For a typical duration of the reaction, 4s, the
average value of the angular velocity, w is ~ 67°/s. The drag torque per unit length
for a rod rotating about its axis with angular velocity w un an unbounded fluid, T/L
is,

T
7= Cw = 4dmpriw (3.16)

where (, is the rotational drag coefficient per unit length for a axially rotating cylinder
in unbounded fluid (See Fig. 4.2(b)) [57]. For a rod rotating about its axis near the

surface
T 47t prw
— = Tw -
T A=/

L
where 7, is the rotational drag coefficient per unit length for a circular cylinder

(3.17)

rotating about its long axis near the wall (See Fig.4.2(a)) [24]. Since the R < h, the
denominator is ~ 1, which yields the same equation as that of the unbounded fluid
case. Then, using the parameter values given in foregoing analysis, the rate of energy
dissipation is

T = yw? or Guw? =~ 6.7 x1071%J/s.

Total energy loss due to rotation is Eyn; =~ 3.4 x 10718J (or 3.4 x 10~ '!ergs). This is
about three orders of magnitude smaller than the dissipated energy inside the nuclear

channel. Therefore, it was in fact a valid assumption to neglect the effect of rotation.
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Chapter 4

Estimation of the acrosomal
process bending stiffness using
hydrodynamic flow: steady
deflection mode

4.1 Introduction

We have learnt that the energy involved in the acrosomal process can be obtained by
calculating the strain energy stored in the coiled state of the actin bundle. Equation
3.1 describes how much strain energy is stored in its bent and twisted structure of
the coiled bundle, given the geometry of the coil and the material properties of the
bundle. In Chapter 3.1, we estimated a bending stiffness, EI, by utilizing the scaling
analysis which requires only appropriate units of each variable. However, the bending
stiffness can vary by as much as three orders of magnitude when the chosen length
scale X is changed from 10pum to 60um, for example. It is now desired to extract a
closer approximation of the material properties by performing a thorough theoretical
analysis along with the experimental studies.

Two modes of experiments and appropreaite analysis were carried out using the
hydrodynamic flow. First mode is the decaying mode and the second mode is the
steady deflection mode. In the decaying mode, the bending stiffness of an elastic
rod can be estimated to relax back to its straight conformation. Whereas, in the

steady deflection mode, we obtain the bending stiffness by relating the deflection of
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a clamped beam with a known hydrodynamic drag force. In this chapter, we will
only discuss experimental and theoretical analysis for the steady deflection mode as
it is proven to yield more accurate result. The former mode will be discussed in the

Appendix A.

4.2 Theoretical analysis

Here, we consider a long cylindrical rod moving through a viscous medium. This anal-
ysis again is in the low Reynolds number regime where the dynamics are dominated
by the viscous effect; Re ~ 1078, based on the average diameter of the acrosomal
bundle (~ 70nm) and the typical velocity of the acrosomal reaction (~ 15um/s).
We can estimate the bending stiffness of the acrosomal bundle by analyzing its
bending shape at equilibrium in a steady hydrodynamic flow. First, the acrosomal
bundle was considered as a elastic rod of length L with a circular cross section of
radius r. We consider the acrosomal bundle lying perpendicular to the direction of
the flow. When there is no motion in the fluid, the bundle remains at its initial
equilibrium state, where it features the straight form. When the bundle, that is
anchored on one end with the other end being free, is subject to a constant steady
load exerted by a flow in the flow channel, it will bend along the direction of the flow
to its new equilibrium deflection. While the flow is steady, the equilibrium shape of
the bent bundle will remain at y = yy. At this new equilibrium, the internal stress in

the acrosomal bundle balances the external hydrodynamic force.

4.2.1 Elastic restorative force

As arod bends in the viscous medium, the hydrodynamic drag force must be balanced
by a restorative force exerted by the elastic nature of the rod as described in Fig. 3.1.
The bending moment M depends linearly on the curvature « of the rod, and thus for

any angle 6 along the bent rod, the bending moment of the beam becomes,

2
M=Elx= g1 _ g dy/dz

ds /(1 + (dy/dz)®)®
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For small § < 1,

d%
M~EISY .
Bl (4.1)

where we used the fact that the curvature « is the derivative of the tangent angle
with respect to the arc length s and that z =~ s, dy/dz ~ dy/ds = sinf =~ 6, and
d?y/dz? =~ df/ds for small deflections (See Fig. 4-1). Figure 4-1(b) represents force
and moment components in a small segment of the rod. Balancing the moments and

forces yields the relationships between fgrqq, shear forces V, and bending moments

M as follows.

dM
—+V =0
dz+

av

— rag = 0 4.2
"+ faras (42)

Combining Eq. (4.1) and (4.2), we obtain,

faros(2) = a?gi(;:) _g Ia;y;z(:f)'

(4.3)

EI is the bending stiffness of the bundle, and z and y are the coordinates defined
in the Fig.A-3 as the long axis of the bundle and the axis perpendicular to the long
axis, respectively.

The appropriate boundary conditions are those for the clamped-free beam given
in Eq. A.16 (see A.2.4 for detail). At clamped end, z = 0, where there should be

neither displacement nor slope allowed, the boundary conditions are

y(0,t) =0
¥(0,¢)
or 0

while at £ = L, the end is free with bending moment and shear force being equal to

| Fy(L,t) _
Ox?
d%(L,t) _
ol o (4.4)
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Figure 4-1: (a) Geometry of a bent rod: Over the arc length As, the corresponding increase
in tangent angle is A# = 65 — ¢,. The radius of curvature is then equal to the change
in tangent angle with respect to arc length s for small angles. (b) Force and moment
components of a small segment in the rod. By balancing the forces and moments, we can
obtain d?>M/dz? = fdrag- V' shear force, M: bending moments

First, Eq. 4.3 is integrated 4 times to yield the solution in the following form;

y(l‘) == %(I4 + 01173 + CQSEE + Cg:l? —+ C:l

By substituting the given boundary conditions in Eq. 4.4, we obtain the values for

C,, Co, C3,andCy and the expression for the shape y(z) of the bent acrosomal bundle.

_ e[y Ty g

(@) =5 T L

r

)’ (4.5)

4.2.2 Hydrodynamic drag force

Let us now consider the hydrodynamic drag force, firqy on a bent rod (See Fig. 3-1).
The acrosomal bundle remains in a plane parallel to the surface of the flow channel
and thus, we assume that the velocity field of the flowing fluid is exerting a uniform
force farqg along the length of the bundle. f444 can be related to the properties of

the flow and the fluid viscosity. Since the viscosity of the water p is known and the
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velocity, v, of the flow can be measured by tracing the moving particles in the flow, we
can obtain the hydrodynamic load on the acrosomal bundle by utilizing the equation

for the hydrodynamic drag force per unit length

fdrag = (v (46)

where ( is the drag coefficient. Venier et al (1994) discusses in the erratum two
possible definitions of the friction coefficient (which we call the drag coefficient in
this thesis. “The first corresponds to the case of the filament movement relative to
the surface, relevant to the active transport of filaments. This friction coefficient is
a function of the distance between filament and surface. The second corresponds to
the flow of fluid past a filament stationary with respect to the surface. In this case
the modifications of the friction coefficient are small compared with the uncertainties
of the positions of the filament [58].” The steady deflection mode we are dealing with
is that of the latter case where the flow is moving while the bundle is stationary with
respect to the surface. Therefore, unlike the case of the decaying mode analysis, we
will use the drag coefficient ¢ for a long slender rod at rest in a moving fluid. The
appropriate drag coefficient is [5]

B A
¢= In(L/d) +2In2 —1/2

(4.7)

where L is the length of the bundle and d is the diameter of the bundle. Given these,

our hydrodynamic force per unit length takes the form

Firan = 4dr pv
99 = In(L/d) +2In2 — 1/2

(4.8)

Now our final solution corresponding to the bent acrosomal bundle can be rewritten

in the following form

muvL* T, T4 T
Y(*) = SEIn(L/d) + 2z = 1/9) [(Z) —HT)+6(D) ] (49)

The value of the bending stiffness E'I can be derived by adjusting the theoretical

curve from Eq. 4.9 to the experimental curve.
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Figure 4-2: A schematic of a flow channel for the steady deflection experiment.

4.3 Experimental analysis
4.3.1 Experimental setup and sample preparation

We followed the same procedure as in 2.4.4. Briefly, 500 sperms were collected from
a selected crab, and the collected sperms were washed twice by centrifugation. The
washed pellet was resuspended in ASW to its original volume, and kept on ice at all
times.

All experiments are carried out with a flow channel whose both ends are left open
for easy injection of buffer. This is the similar flow channel used for the temperature
dependence experiment described in section 2.2.1 except that this features a longer
channel than the previously used one (see Fig. 4-2). A longer flow channel was
desired so that at least the mid-region of the flow channel would be kept away from
any possible turbulence effects generated as the fluid was being added and drawn at
the entrance and exit area of the channel.

Sperms were added to the flow channel and the calcium ionophore (A23187) was

added once the sperms were settled down on the surface. We then selected those
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reacted sperms initially lying perpendicular to the direction of the flow (before the
flow was applied). Using a pipette, 300ml of 25mM CaCl, ASW in added in the
well on one end of the channel. As described in Fig. 4-2, a little well was made
with double-sided tape and pieces of cut plastic coverslips (18mmx 18mm). Due to
the surface tension of the liquid, which keeps liquid drop in a spherical shape, the
drop of the liquid remains in the well. When ready, we let a bundle of 3 slices of
the blotting paper (54 Hardened 90mm Circles (Whatman, Inc) were cut in 6 slices)
touch the liquid from the other end of the flow channel. We made a bundle for
two reasons: First, it was to increase the flow velocity by increasing the absorbing
capability and secondly to generate a distributed drawing of the liquid rather than a
localized removal, as this may affect the velocity distribution inside the flow channel.
While the blotting paper was absorbing the liquid from one side, ASW drops were
constantly added on the other side by holding the 21G syringe needle (with 10ml
syringe filled with ASW) above the well and letting the liquid drip from the needle

at a more or less same rate.

4.3.2 Light microscopy and data analysis

The acrosomal bundles were observed in Nikon Eclipse TE300 inverted microscope
equipped with a Nikon plan apo-60X DICH oil immersion objective lens (numerical
aperture (N.A.) 1.4). Immages were acquired with a Dage MTI camera (Model CD-300-
RC), and recorded with a Sony SVO-9500MD Super-VHS video recorder. The images
were then digitized using the Apple video player (Apple computer, Inc), a software
that allows us to convert the video-taped images to QuickTime movies at a video
rate, 30 frames per second. Although the quality of the digitization with the Apple
video player is less than that with the Openlab timelapse along with the Snapper
framer grabber, it has its merit of being able to digitize images at a full video rate.
To measure the velocity of the fast moving particles, 10 fps (frames per second) rate
did not yield enough measurements. Two different measurements were performed,
namely the particle velocities to estimate the flow velocity and the displacement of

the tip. The procedures are described in detail in the following section. Measurements
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(a)

Figure 4-3: Images of the acrosomal process subject to a hydrodynamic flow. (a) In the
absence of flow, the acrosomal bundle exhibits a straight shape. S: sperm head, AP: the
acrosomal process (b) When the flow is applied perpendicular to the axis of the acrosomal
bundle, it bends to its new equilibrium state. The flow velocity was estimated by following
the particles and it was 120um/s for this particular bundle deflection. A black arrow locates
the particle. White arrows indicate the direction of the flow. The scale bar measures 5um.

were saved as a mat file format and plotted using Matlab (The Math Works, Inc).

4.4 Results and discussions
4.4.1 Evaluation of fluid flow velocity and its stability

As described in the previous section, the acrosomal bundle of the reacted sperm was
forced to bend by a fluid flow in the flow cell. In this experiment, it is necessary that
the flow is steady. In other words, the deflection of the bundle we are observing should
correspond to its equilibrium state not some transitional state. In order to verify the
steadiness of the flow, we did two different measurements. First, we measured velocity
of the particles moving along the flow. Since the particle sizes are small (0.5-2.5pm
in diameter) and they appear to move along the flow, we assume that the velocity
of the particle is same as that of the flow. Second, the deflected distance of the
tip at equilibrium was measured for about 4-7 seconds in average. If the flow is

indeed steady, we should expect constant velocities for the particles and a constant
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Figure 4-4: (a) A plot of particle velocity: In this particular case, there are two particles
moving along the flow during the period of observation. The velocity of the particles are
constant over time. (b) A plot of the acrosomal bundle tip displacement over time. From
these two observations, a constant particle velocity and a constant tip displacement, we can

make sure that the flow has reached its steady state.
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displacement of the tip over the given period. The velocity was evaluated by recording
the movement of particles moving in the same focal plane as the relaxing acrosomal
bundle. As seen in Fig. 4-4(a) is a typical velocity profile of the particles and (b) is
one for displacement of the tip. This suggests that we were able to generate a steady
flow in the flow channel and our theoretical analysis is valid and compatible with the

experimental data. Results from 8 acrosomal bundles are listed in Table 4.1.

4.4.2 Results

As shown in Fig. 4-3, the acrosomal bundle exhibits a straight shape in the absence of
flow, and it bends to its new equilibrium state when a hydrodynamic flow is applied.
From the images of the bent acrosomal bundle, we took about 30-40 points of the
bundle positions at different (z, y) along the bundle. The value of the bending stiffness
EI can be obtained directly by adjusting the theoretical curve from Eq. 4.30 to the
experimental curve. A typical result is shown in Fig. 4-5 where the circles represent
the experimental data and the dashed line is a theoretical curve calculated according
to Eq. 4.30 with L = 49.5um, p = 107%kg/sm, d = 70nm, v = 120pum/s, and
EI = 1.4 x 107Nm?. The average EI value obtained from 8 acrosomal bundle was
1 x 107?°Nm? with the standard deviation of 0.5 x 1072°Nm?2. A complete list is again

shown in Table 4.1.

4.4.3 Discussion

As a comparison, the average bending stiffness estimated from the decaying mode
experiment (see A.3.1) was 1.6x107%! while the one estimated by steady deflection
mode is 1x1072°, one order of magnitude greater. This suggests that we must have
underestimated the bending stiffness in the decaying mode by disregarding the pres-
ence of the residual flow. In other words, the residual flow was most likely delaying
the relaxation of the bundle, leading us to underestimate the FI by having longer
relaxation time.

On the other hand, the EI value obtained from the steady deflection analysis

is the same order of magnitude as our priliminary estimation presented in Chapter
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Figure 4-5: Comparison between the theoretical curve and the experimental data of the
bent acrosomal bundle in a steady flow. y represents the deflection from the straight state
of the bundle and z is the position along the bundle. The origin lies at the base of the
sperm head as indicated in Fig. 4.3. The circles represent the experimental data and
the dashed line is a theoretical curve calculated according to Eq. 4.30 with L = 49.5um,
p = 1073kg/mxs, d = 70nm, v = 120pum/s, and EI = 1.1 x 1072 Nm?.

3, which is =1x107?°Nm?. As a comparison, the bending stiffness of an individual

actin filament is approximately 7.3 x 1072 Nm?. Considering that the acrosomal

bundle is made of upto 80 actin filaments and the bundle features a helical structure,

our estimate seems to lie in a reasonable range. Also, based on this EI value of

the acrosomal bundle, the energy initially stored in the coil is calculated to be 7x

10~ %ergs.
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Table 4.1: Bending stiffness of the acrosomal bundle derived from their bending shape
in a hydrodynamic flow. The tip deflection was measured from its straight shape. The
flow velocity was estimated by measuring the particle velocity. The bending stiffness was
derived from the analysis of the bending shape of each acrosomal bundle of a given length

in a steady flow.

Length | Tip deflection | Flow velocity | Bending stiffness

pm
49.5
49.5
49.5
47.5
49.9
50.6
50.3
51.4

pm
11.5
11
11.1
2.9
6.2
7.5
4.6
21.9

pm/s
120
45
85
14.5
125.9
62.3
47.5
130

x1072°Nm?
1.1
0.6
1.0
1.1
2.7
1.6
1.4
0.8
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Chapter 5

Conclusion and proposed future
works

We have investigated the dynamics of the acrosomal process in the sperm of Limu-
lus polyphemus which involves a very unique way of generating force - by storing
mechanical potential energy and converting it into translational work. This unusual
form of motility is worth studying because it features a novel mechanism of actin
based motility where the mechanics and the chemical kinetics are coupled. In this
chapter, the contents of the thesis are summarized followed by a few comments on

future directions.

5.1 Summary of research

We first examined the uncoiling mechanism of the initially coiled actin bundle to its
straight comformation. The evolution of the acrosomal process was followed using
video microscopy, to find the velocity of the reaction being constant over time. This is
consistent with the zipper-like model where a localized uncoiling of the actin bundle
propagates along the bundle. The average velocity of the acrosomal process depends
on the temperature of the environement and increases as the temperature is raised,
varying from approximately 37 pm/s at 32°C to 1.7 pm/s at 9.6°C. The morphological
dependence of the reaction rate was then investigated by electron micrograph studies.
The collected sperms from various crabs shared common mophological features despite

the differences in their average reaction velocities. The effects of external load was
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also studied by varing the viscosity of the medium through which the acrosomal
bundle extends. Results exhibited a negative correlation between the viscosity of the
medium and the extension velocity.

Based on dynamical measurements of the uncoiling and the extension of the actin
bundle, we estimated the energy stored in the coiled state of the acrosomal bundle
as well as the energy dissipated during the extension. We first estimated the hy-
drodynamic energy dissipation during the reaction. This provides us a lower bound
estimate of the initial energy required for the acrosomal reaction to occur, and was
approximately 10 8ergs. Initially, the acrosomal bundle stores a mechanical strain
energy in its coiled state which is released during the extension process. There also
exists some energy involved in Ca?* binding to calmodulin during the reaction. Es-
timation of the mechanically stored energy requires the mechanical properties and
the geometry of the bundle to be known. The bending stiffness of the acrosomal
bundle was measured by applying a steady flow on an initially straight actin bundle
lying perpendicular to the low direction. The bundle was modeled as a clamped rod
subject to a constant load along the bundle, and its deflection was correlated with
the velocity of the steady flow to obtain the EI of 1072°Nm?. Given this estimate of
the bending stiffness and known geometry, we estimated the intial energy stored in
t‘he bundle to be 7-10 %ergs, which is more than two orders of magnitude larger than
the hydrodynamically dissipated energy during the reaction. These results indicate
that the bundle indeed behaves like a mechanical spring and the strain energy is the

major source of the energy that powers the acrosomal reaction to completion.
5.2 Suggestions for future Work

5.2.1 Bending stiffness measurement using magnetic trap

There remain some questions for future consideration. First, we are currently ex-
tending the bending stiffness measurement experiment in collaboration with Jason
Sutin in Professor Peter So’s Lab at MIT. In Chapter 4, we managed to estimate

the bending stiffness of the acrosomal bundle by utilizing a steady hydrodynamic
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SIDE

Figure 5-1: A schematic representation of the bending stiffness measurement with a mag-
netic trap. AP: the acrosomal process labeled with amine reactive biotin, B: magnetic bead
coated with avidin (A) (biotin-binding protein), and S: sperm head anchored on the surface
of coverslip (C) covered with a blocking aid (BA). When the magnetic force (of known
value) is applied, the bead moves to bend the acrosomal bundle. By relating the shape of
the deflection and the applied force, one can measure the bending stiffness of the bundle.

flow. This method assumes the particle velocity being equal to the flow velocity,
which is a pretty good approximation as long as the particles are neutally buoyant.
Also, the drag coefficient used in the solution is for a statoinary cylincer of a uniform
cross-section in a moving fluid while in case, the cross-sectional area varies along the
bundle. A better way would be a static experiment using a magnetic trap, which
involves approximation of neither the drag coefficient nor the flow velocity. We can
anchor one end of the acrosome whlie the other end is coupled with a magnetic bead.
By applying a known magnetic force to the bead attached at the tip of the bundle,
we can bend the bundle to yy. This a case of a clamped rod with a concentrated load
at the tip which can be expressed as

4
(@) = 722 (31— ) (5.1)

where L is the length between the wall and the bead and {4, is the magnetic force
exerted by the trap. As one may notice, this involves only two values, the applied

force and the shape of the deflection (See Fig. 5-1).
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5.2.2 Calcium detection with confocal laser scanning microscopy

Next, detecting spatial and temporal distribution of Ca?* in the course of the reaction
is recommended. Although it has been known that calcium plays a very significant role
in Limulus sperm acrosomal process, little study has yet been done on the mechanism
of calcium binding to initiate the process in Limulus sperm. In chapter 2, we proposed
the uncoilng mechanism to be that of a localized zipper-like mechanism, which was
consistent with the extension profile in time obtained from the experiment. The
localized conformation change in scruin may suggest presence of localized calcium
channel or a regulator. Yet, no direct evidence has been provided. Studying the
temporal and spatial distribution of intracellular Ca®* in the Limulus sperm may
provide us useful information which may serve as a direct evidence to explain the
dynamics of the uncoiling. This spatiotemporal detection of Ca?* can be done with
Ca?* imaging technique implementing confocal laser scanning microsopy. With two
visible light-excitable fluorescent Ca?* indicators, two-emission ratio imaging can be

performed.

5.2.3 False discharge reaction

What we have discussed so far in this thesis was named by André(1965) the true
discharge as this is the essential true reaction in fertilization. There remains a fasci-
nating process designated the false discharge in sperm, which is often extruded near
the flagllum with an acute angle to it (See Fig. 5-2). When freshly collected sperms
are diluted in artificial sea water, we may observe a part of the false dischage 3-
25um whose length depends of the condition of the buffer. Unlike the true discharge,
the false discharge is helical. DeRosier described [8] that the bundle in both coiled
and false discharge state is composed of straight segments and bends. The bundle
is supercoiled in both cases but the degree of twist of the filament and hand of the
supercoil differ. Unlike the TD, the FD is a reversible process. When excess Ca?"
(or Ca?* ionophore) is added to solution, the false discharge retracts into the sperm
head and the straight form of TD extends from the anterior end. When the sperms
are treated with detergent (0.1%Triton-x100), the FD extends from its posterior end
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Figure 5-2: A sequence of extending false discharge (FD) reaction. One can observe a
flapping motion of the FD as it extends out in 0.1% Triton X-100. S: sperm head, AP: the
acrosomal process, and F: flagellum. Scale bar measures 10pm.
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Figure 5-3: An image of a FD (~ 45um long). The acrosomal process length between two
arrows represents one period. Scale bar measures 5um.

almost to it full length, which is about 45-50um (See Fig. 5-3). Interestingly, in 0.1%
Triton X-100 medium, the extended FD often retracts even in the absence of excess
Ca?* or ionophore. As described in Fig. 5-2, the extension and retraction of the FD
go through a series of flapping motion. For a full length FD (~ 45-50um), there exist
about 5-6 flapping cycles. For each cycle, ~ 3-3.5 periods of helix extrudes out. This
flapping of the FD may correspond to the unpacking and packing into a coil.

As done in the case of the TD, we would like to investigate the uncoiling mechanism
of the FD from the coiled state. We will then study how the higher ionic strength
and the presence of detergent induce the extrusion of the FD. The extension and
retraction rate can be determined by measuring the extension distance in time from
the images taken using the high speed camera. Correlation between the reaction rate
and the experimental conditions such as temperature, ionic strength, and detergent
concentration is to be determined as well. We will study the relationship between
the reversibility and the energy involved during the conversion from one state to the

other (Coiled state and FD state).
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Figure 5-4: Force measurement experiment of the polymerizing actin bundle.

5.2.4 Actin polymerization

Measuring force generation in polymerization

In collaboration with John Eundamrong and the Mitchison lab at Harvard Medical
School, we are interested in measuring the force generated during the polymerization
of actin. From a pool of actin monomers and actin bundling proteins such as scruin,
fambrin, and fascin, we can polymerize a long bundle of highly organized actin fila-
ments. Miyata and Hotani have observed morphological changes in liposome caused
by polymerization of encapsulated actin [35]. D. Fygenson measured force generated
as encapsulated microtubules buckle to deform lipid vesicles [17]. Thus, we may uti-
lize their observations and experimental techniques to measure the force generated by
growing actin bundle inside a lipid vesicle. To construct an actin bundle like that of
the true discharge, we can also use fragments of purified true discharge as templates
along with actin monomers and scruin. There arise few issues to consider in attacking
these experiments such as a controlled mechanism of the assembling and disassem-
bling of the actin bundle and a suitable protocol to encapsulate the actin monomer

and actin binding proteins (See Fig. 5-4).

80



Bundling effect of few actin binding proteins

Another interest lies in measuring the bending stiffness (or often called flexural rigid-
ity) of the actin bundle cross-linked with different actin bundling proteins such as
scruin, fimbrin, or fascin. Results from these measurement will tell us the difference

in bundling effect of each actin bundling protein.
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Appendix A

Estimation of the acrosomal
process bending stiffness using
hydrodynamic flow: decaying mode

We will first examine how the time constant can be derived and applied to predict
the bending stiffness of an elastic rod. Following the analysis, we will introduce
an experiment where a simple hydrodynamic flow is used along with high resolution
microscopy to measure the decaying time of the initially bent acrosome bundle. Lastly,
the steady deflection experiment procedure will be discussed along with the solution

to the elastic beam equation.

A.1 Theoretical analysis
A.1.1 Hydrodynamic drag force

Here we consider a long cylindrical rod moving through a viscous medium. This anal-
ysis again is in the low Reynolds number regime where the dynamics are dominated
by the viscous effect; Re =~ 1078, based on the average diameter of the acrosomal
bundle (~ 70nm) and the typical velocity of the acrosomal reaction (~ 15pm/s).
The motion of an elastic rod in a viscous fluid is predicted by balancing the
hydrodynamic drag force exerted on the relaxing bundle and the elastic restoring

force of the bundle. Let’s first consider the hydrodynamic drag force on a bent rod

82



(See Fig. 3-1), which can be written as

fdrag(l') = _Clagg:;) (Al)

where (; is a translational drag coefficient normal to the long axis (for transverse
motion). Here we should note that Eq. 4.1, the drag force equation, is based on the
fact that the rod exhibits an overdamped response and the bending is not too large,
so that the small angle approximation in the velocity term is still valid.

How do we get the drag coefficient, {, for a long cylinder moving in a viscous
medium? First, the drag coefficient is simply ( = F/v, and thus v and F must be
known in order to find the value of { . By solving the Navier-Stokes equation with
appropriate boundary conditions, one can derive an expression for the flow velocity,
u. A flow in a low Reynolds number regime, the acceleration Du/Dt is so small
compared to the viscous force per unit mass vV?u at each point of the fluid that
we may neglect it in the Navier-Stokes equation given in Eq. 3.4. This kind of flow
having a very low Reynolds number is called a Stokes flow or a creeping flow, and
the equation of motion takes the following form, along with the mass conservation
equation :

pViu = Vp
V-u=0. (A.2)

For the one-dimensional problem such as a long centrally located cylinder moving
axially inside a larger cylinder (See chapter 3.3), the governing equation takes the

form of
1d
rdr

(Tduz) _ ldp
dr’ pdz

and u, can be found as shown in Eq. 3.14 with given boundary conditions in Eq.

3.10, 3.11, and 3.12 (See. Fig. 3.2). Once u, is found, one can calculate the drag

coefficient ¢ from the expression of fi,, per unit length,

dv
fdrag = 27””?['5]1‘:1‘2 = C'U
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Figure A-1: Definition drawings of a cylinder moving (a) midway between two parallel
walls and (b) near a single plane wall.

where v is the velocity of the moving inner cylinder. For a limited case of 7, > r;,

the (.. is found to be
B 2m
~In(ry/m) + 1

for the axially moving slender cylinder inside a tube [23]. 7,, 7;, and p are the radius

Cee (A.3)

of the outer cylinder, that of the inner cylinder, and the viscosity of the medium,
respectively.

For the two-dimensional flow with an infinitely long cylinder moving perpendicular
to its axis in the midway between two parallel plane walls 2k away from each other
(See Fig. A-1(a)), Takaisi [50] obtained a drag coefficient per unit length to powers
of (a/h*) based on the Oseen’s linearized equation of motion. For a limiting case of

h > a, (4, becomes
4
Cd'w =
In(h/a) — 0.9156

Takaisi also considered the problem of motion of a circular cylinder parallel to

(A.4)

a single plane wall when the cylinder is moving perpendicular to its own axis (See
Fig.A-1(b) [51]. He only obtained a solution in the limiting case of r > h where r
is the radius of the cylinder and h is the distance between the cylinder axis and the

wall, and it was found to be
4

S = faen/r)
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Figure A-2: Drag coefficients for a cylinder moving (a) near a plane wall (b) in an un-
bounded fluid.

More general solution for the drag coeflicient for this problem, which is similar to
what we will be dealing with in our decaying mode experiment, was provided by
Jeffrey and Onishi by deriving an exact solution to the Stokes equation|[24]. From
here on, I will denote the drag coefficients per unit length for a cylinder moving near

the single plane wall, v (See Fig.A-2(a)).

_ 4y
T {(h/r) F [(R/)? — 177}

(A.5)

For a long cylinder of length [ and radius r in an unbounded fluid (Fig. A-2(b)),
exact solutions to the Stokes equation do not exist [20]. Tirado and Garcia de la Torre
[56] solved for the approximated translational friction coefficients () in unbounded
viscous medium by modeling the cylinder as N, stacked rings while N, is the number
of rings. This represents the case of the acrosomal bundle extending in the unbounded
medium outside the sperm head where there exists a hydrodynamic drag parallel to
the axis of the bundle. The drag coefficient for a cylinder moving parallel to its long

axis with a correction term for the end effects is given by Torado as

2mp L

G = In(L/2r) + o (A-6)

For the limiting case of L/r > 1, oy = -0.2 while the value of o depends on the
shape of the body [28, 5, 6]. Other translational and rotational drag coefficients for
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Table A.1: Drag coefficient per unit length for a long cylinder moving 1) near a single plane
wall and 2) in unbounded fluid [20]. h represents the distance of the cylinder axis from the
wall, r the radius of the cylinder, L the length of the cylinder, and p the viscosity of the
medium. Approximate values of the constant as are ay=-0.2, o) =0.84, and a,=-0.662
[56, 57].

Boundary Condition | Orientation of the movement | Drag coefficient
Translational movement: _ 2mp

Parallel to its axis = cosh-1(h/r)
granslaéionf‘d movement: ATy

erpendicular to its axis YL = — 37T

Near a single wall cosh=1(h/7)
Rotational movement: A

about its axis Yr =

[L— (r/R)"

Rotational movement: 1

about an axis vertical to the wall | Y = 7 ——7———1v
(7l - Tr )
Translational movement: G = 2
Parallel to its axis = In(L/2r) + oy
Transla(gional movement: ¢ 4mp
Perpendicular to its axis L=
In an Unbounded fluid In(L/2r) + &1
Rotational movement: 9
about its axis Gr = dmpr
Rotational movement: _1/3mul?

about an axis vertical to its axis | Cv = n(L /2 r) o

a moving cylinder both near the wall and far from the wall are listed in Table A.1.

the long axis, respectively.

A.1.2 Elastic restorative force

Now, as the bent rod relaxes through the viscous medium, the hydrodynamic drag
force must be balanced by a restorative force exerted by the elastic nature of the rod.
The external force per unit length, fi.44, acting at each point of the acrosomal bundle

is given in Eq. 4.3 as

dy(z)

fdrag(a:) =FEI Ey
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where EI is the bending stiffness of the bundle, and = and y are the coordinates

defined in the Fig.A-3 as the long axis of the bundle and the axis perpendicular to

A.1.3 Net force acting on a bent elastic rod

By substituting Eq. A.1 into Eq. 4.3, we can obtain the elastohydrodynamic beam

equation:
Oy(z,t) _ 1 °M(x) ¢ 9y(s,t)
ort  EI 8z2  EI ot

This equation represents that elastic forces characterized by a fourth order spatial

derivative balance viscous drag and may be rewritten as

% ¢y

where A represents a bending modulus ET.
The solution to this equation can be obtained by separating our equation into a
temporal term T'(¢) and a spatial term X (z), which satisfies y(z,t) = X (z)T'(¢). This

technique is called the separation of variables. We then obtain two equations,

0*X (x) 4o
ort FxX=0
dT(t) ,EI
T + 0 T =0 (A.8)

where (3 is some constant which satisfies X"/ X = —(/EI(T')T) = 3

The solution is then in the form of

EIB%

y(z,t) = exp(— )(c1 cos Bz + ¢y sin Bz + c3 cosh Bx + ¢4 sinh fzx). (A.9)

A.1.4 Initial condition and boundary conditions

Having a general solution to the governing equation, Eq. A.7, let us now consider
appropriate boundary conditions and an initial condition. The detailed experimental
setup will be discussed in the following section, but we must know the experimental
conditions to figure out what are the most appropriate boundary and initial conditions

for our analysis. As briefly mentioned in section 4.2.1, the sperm head is attached
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Table A.2: Two possible boundary conditions for the acrosomal bundle extended out of
the nuclear channel.

No. | End Condition | BC.atz=10 | BC.atz=1L
L Clamped/Free y=0y =0 y'=0,y"=
I1. | Linear Spring/Free | k(y —vyo) + EIy" = 0,9y =0 | y" =0, y" =

to the surface of the flow cell while a free end of the ~ 60um acrosomal process is
relaxing from its initially bent configuration.

There are a couple of possible boundary conditions for this particular setup as
microscopic detail is not known at the constrained end. As described in Fig. 4.4, one
end of the acrosomal bundle is constrained by the presence of the nucleus surrounding
the bundle. This appears to be akin to the clamped boundary condition. However, we
do not know how the nucleus would behave when it is subject to a load on the bundle.
First, we may assume that the nucleus behaves like a rigid wall and the acrosomal
bundle is clamped in the wall so that the acrosomal bundle is not free to move or
to rotate about its axis. This is called a clamped-free end condition. This boundary
condition implies that there is neither a displacement nor a slope at the clamped end.
Secondly, it is possible that the nucleus behaves like an elastic spring, and the end
condition will be like a linear spring attached to a beam. Although it is possible, the
second boundary condition is rather difficult to apply since the spring constant, &, of
the nucleus is not known. Therefore, we will treat only the clamped-free condition in

detail in this section. These boundary conditions are listed in Table 4.1.

Initial condition: We first assume that the acrosomal bundle is clamped at the
wall and it has come to its initial deflection by a distributed constant load per unit
length f by moving flow (See Fig. A-3). The deflection y, the displacement in the y
direction of any point on the axis of the beam, can be then obtained by integrating

i

the load equation EIy"" = f (also given in Eq. 4.3) four times with respect to z with

appropriate boundary conditions from Table 4.2. The solution to the load equation

88



Figure A-3: A beam deflected by y = yo due to the presence of a constant load per unit
length f. L is the length of the beam and @ is the angle between the deflected beam and
the x-axis.

gives us the initial deflection in the actin bundle at ¢ = 0, and takes the form:

_
T 24FE]

Y (6L — 4Lz + z°) (A.10)

where ET is the bending stiffness of the bundle, f is the constant load per unit
length, and L is the length of the bundle. To a first approximation, we assume that
the bundle has a uniform cross-sectional area, and EI can be treated as a constant.
Since both ET and f are constants, we can set C = f/EI. Then, Eq. A.10 becomes
y = Cx%(6L% — 4Lx + z*)/24 with only 1 unknown C which can be obtained by using

y(L,0) = yo (A.11)

where ), is the maximum initial deflection at z = L. Finally, our initial condition of
the deflected beam takes the form:

: (A.12)

6x2 4z
Iz I

Clamped-Free boundary condition: At a clamped end (see Fig. A-4), z = 0,

where there should be no displacement or slope allowed, the boundary conditions are
y(0,t) =0

89



Figure A-4: An electron micrograph of a reacted sperm: The arrowhead locates the con-
strained boundary of the acrosomal process. The acrosome appears to be anchored in the
nuclear channel. AP: acrosomal process, NC: nuclear channel, N: nucleus, AV: acrosomal

vesicle.

X0.t) _,
ox
while at z = L, the end is free with bending moment and shear force being equal to
Zero.
LY _,
or2
0%(L, t)
——2 =0 Al
93 (A.13)

A.1.5 Solution

By substituting the boundary conditions at = = 0 to Eq.(A.9), we obtain

c] = —C3 and Co = —C4. (A.14)
When we use these and the boundary conditions at z = L, we obtain
c1(cosPBL + coshfBL) + ca(sinBL + sinhBL) = 0
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ci(sinfL — sinhBL) ~ cy(cosBL + coshBL) = 0

which can be rewritten as

cosfBL + coshfBL sinfL + sinhBL } (cl) =0 (A.15)

stn8L — sinhBL —cosPBL — coshBL | \©2

where the condition # # 0 has been used. In order for nonzero ¢; and ¢y to exist,

the determinant of the coefficient matrix in Eq.(A.15) must vanish, giving us
cos(BL)cosh(BL) +1=0. (A.16)

There is an infinite number of solutions to Eq.(A.16), which can be designated as
Bn (n=1,2,3,...). B, are the roots to the following equation and a few of those

infinitely many values are given in Table A.3.

cos(BnL)cosh(B,L) +1 = 0. (A.17)

By substituting 3, into Eq. A.15, the ratio of ¢;,, and ¢y, corresponding to S, can be

found as

Cin sinf, L + sinhf, L cosfnL + coshf3,L

Con - —cosfpL — coshfBn L~ sinfnL — sinhB,L (A.18)
By combining Eq. A.9, A.14, and A.19, the eigenfunction y,(z,t) is given by
=) EI 4
yn(z,t) = Zemp(—- f"t)c% {sinfpz — sinhf,x
n=1
g, nhi,
—(cosfyx — coshf,x) sinfinL + sinhfnL (A.19)

cosfB, L + coshf,L

where ¢, can be found by applying an initial deflection yo at x = L at ¢t = 0 given
in Eq. A.10. By substituting the initial condition and rearranging the solution, we

obtain the final solution
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Table A.3: A few values of 3, for Clamped-Free Boundary condition

| Boundary conditions | Equation for 3, | Bns [
Clamped/Free cos(fnL)cosh(B, L) +1=0 | B, = 1.8751
B, = 4.6941
(3 = 7.8548
EIpB3t
ala, 1) = 2 eap(— 2102t

2 ¢

(sinBpx — sinhBpx)(cosPBpL + coshf,L) — (cosPpx — coshfB,x)(sinfB, L + sinhf,L)
(sinf,L coshf,L — sinhf,L cosf,L)

(A.20)

A.1.6 Time constant to measure the bending stiffness

How long does it take for the initially bent rod to relax back to a straight confor-
mation? As the initially bent rod, whose shape is represented by one of the solution
modes, straightens out, it will maintain its shape but the amplitude of the bend will

decrease exponentially as indicated in the solution, Eq. A.20. The exponential de-

caying time constant depends on the mode number n = 1,2,3,..... and it is defined
as
¢L*
= A.21
™= Elad (A-21)

where «,, = (,L whose values are given in Table A.3.

What happens if the initial shape of the rod does not correspond to any of the
modes found in our solution? In principle, any shape can be identified by superposing
multiple hydrodynamic modes found in the solution. Therefore, just as in Fourier
analysis in which any time-varying signal can be expressed as the sum of cosine and
sine modes, we may superpose the relaxation of the constituent modes to obtain the
relaxation dynamics of any arbitrarily bent rod [20]. Also, the time constant Eq.
A.20 implies that as n increases, 7, should decrease. In other words, the lower order

modes relax more slowly than the higher order modes and thus the first mode, which
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Blotting paper

Figure A-5: A schematic of the decaying mode experiment using the hydrodynamic fluid
flow in a flow channel: Once the sperms are settled at the bottom of the flow cell, a unidi-
rectional flow is induced by injecting liquid from one side and simultaneously withdrawing
it from the other side. When the acrosomal bundle is bent to the desired degree, the flow
is stopped and the time of relaxation is measured. S: sperm head, AV: acrosomal vesicle,
AP: acrosomal process. Size of the sperm is not drawn in scale.

is the longest, is the slowest mode. The lower order modes represent the rods of low

stiffness and higher damping characteristic.

A.2 Experimental analysis
A.2.1 Experimental setup and sample preparation

We followed the same procedure as in 2.4.4. Briefly, 500u sperms were collected from
a selected crab, and the collected sperms were washed twice by centrifugation. The
washed pellet was resuspended in ASW to its original volume, and kept on ice at all
times.

All experiments are carried out with a flow channel whose both ends are left open

for easy injection of buffer (See Fig. A-5). It has been observed that sperm heads,
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when they are reacted, tend to get anchored on the surface of the coverslip, especially
when the coverslips are treated with HCI to wash out impurities. Using the fact,
we let the sperms settle down on the surface first by waiting for about 5 mins after
injecting into the flow channel. Once they were settled down at the bottom of the
flow channel, the calcium ionophore (A23187) dissolved in 95% ethanol was injected
(2mg/ml stock diluted 1:10 in 25mM CaCl, ASW).

When most of sperms were reacted, we searched for the anchored sperms lying
perpendicular to the flow as indicated in Fig. A-5. By giving a gentle push on
the microscope stage, I checked whether the acrosomal bundle was also glued to the
surface by observing small motions of the tip of the bundle. We want the ones with
their heads anchored on the surface with their acrosomal bundles being free in the
fluid. 10 pul of sea water was then pippetted in from one end of the flow channel while
the excess liquid was simultaneously being drawn with filter paper from the other end
of the channel. This results in a fast flow inside the channel and the actin bundle
bends along the flow. The filter paper was removed to stop the flow once the bundle
was bent by a desired amount. The decaying motion was recorded until the actin

bundle relaxed back to its straight resting position.

A.2.2 Light microscopy and data analysis

Image acquisition was done as described in the steady deflection mode experiment
(See section 4.3.2). The images were then digitized using a Snapper frame grabber
and a Openlab software (Improvision Inc.) at its rate of about 10 frames per second.
Digitization with the Openlab timelapse generates time stamps for each frame and
also features good quality enhancement options. The deflected distance of the tip
from the resting state (the straight state) was measured for each frame using Openlab
measurement, and the data were saved as an Excel file. Measured tip deflection was

then plotted as a function of time using Matlab (The Math Works, Inc).
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A.3 Results and discussions

A.3.1 Results

We have used hydrodynamic flow to bend the acrosomal bundles and derived their
bending stiffness. Once the flow is stopped, the acrosomal bundle relaxes to its
straight state and quantitative analysis of the decaying movement of the tip yields
its bending stiffness. From Eq. A.20, we can obtain an expression for the deflection

of the tip z = L as a function of time, and it takes the form of

” (A.22)

where 7, is 7, = (L*/EIa% (Eq. A.21). As shown in Fig. A-6, the initially deflected
acrosomal bundle due to the flow is represented by the first mode (n = 1) solution
to Eq. A.20 and Eq. A.22., and thus § = (; = 1.8751. By fitting a time series of
the tip positions of the relaxing acrosomal bundle to the Eq. A.22 (with n = 1), its
bending stiffness can be determined since every other quantity is known.

In this experimental setup, the sperms heads are anchored on the surface of the
cover glass. Therefore, the acrosomal bundle extending out of the nucleus is also very
close to the surface. I measured the distance between the surface of the coverslip and
the acrosomal bundle by adjusting the focusing knob and reading off the increment.
It was found that the acrosomal bundle is about 1-3um away from the surface when
their heads are glued on the surface. Consequently, ¢ in this case is the drag coeffi-
cient of a cylinder moving perpendicular to its axis near a single plane wall, and its
expression is given in Table. 4.1. u is same as that of water since all the experiments
were performed in ASW (artificial sea water). The length of the acrosomal bundle
varied among individual cells from 46.2 to 57um, and the initial tip displacement was
between 8.4 and 20.4 um. For all measurements, the initial deflection angle 6 (See in
Fig. A.4) was no greater than 0.41 radian (23.5°), which yields sinf/6 > 0.97. This
ensures that our analysis is valid since Eq. A.1 assumes a small angle 6.

Fig. A-7(a) shows time series of the decaying movement of an acrosomal bundle

tip with a respective exponential fit to Eq. A.22. The bending stiffness can be
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Figure A-6: Top: An image of the initially deflected acrosomal bundle by hydrodynamic
flow. Bottom: The first mode solution from Eq. A.20 with values of L and 7y measured
from the image. The scale bar measures Spm.

obtained directly from the fitted curve. For this particular acrosomal bundle, the
bending stiffness was EI ~ 1.1 x 1072,

As a second method, the quantity ajit/¢L* can be replaced by a new variable 7*
to yield a new expression of Eq. A.22

Yo

Fig.A-7(b) shows the results for the same acrosomal bundle as in Fig. A-7(a) in
different axes. From this curve, one can determine the bending stiffness EI since it
is the inverse of 7* at the point where the decaying curve reaches y(t)/yo = 1/e =
0.368, which gives the same value of FI as the first method. The y-axis of the plot
is normalized such that 1 and 0 correspond to the deflected and relaxed position,
respectively. From measurements from 10 acrosomal bundle, we obtained the average
value of the bending stiffness EI to be 1.66x10"2'Nm? with its standard deviation
of £0.5x10721,

A.3.2 Discussion

As one may notice from the times series plots in Fig. A-7(a) and (b), the theoretical

curve deviates from the experimental data toward the end. The tip appears to relax
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y(T)/yo

Figure A-7: (a) Time series of the tip of the acrosomal bundle relaxing from its initially
deflected position yo to its resting position. The circles represent the experimental mea-
surements, and the line is a fit to the expected exponential decay from Eq. A.22. (b) Time
series of the same bundle as in (a) but in different axes. The bending stiffness FI can be de-
termined directly by taking the inverse of 7* at the point where the decaying curve reaches
y(t) yo = 1/e ~ 0.368. This particular bundle was 57um long and its initial deflection was
30.4pm.
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less than it should as the data points lie above the theoretical curve y/yo from Eq.
A.22. We had a similar problem for all 10 of our data. Watching the movies of
the relaxing acrosomal bundle carefully, we could visualize a residual flow by means
of the presence of moving particles. Even if I suddenly stop the flow, it is likely
that there remains residual fluid velocities that seem to complicate the interpretation
of this experiment. When a flow that initially had a parabolic profile is suddenly
stopped, there will be large negative velocities generated very close to the wall [45].
Therefore, exact effect of the flow during the bundle relaxation is not known and
cannot be interpreted in the analysis at this point. Our estimation of the bending

stiffness disregarding the residual flow offers the lowest order approximation.
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Appendix B

Glossary

B.1 Biological terms !

Acrosome A membrane-bound compatment at the tip of the head of a sperm which
contains lytic enzymes (hyaluronidase in mammalian sperm) that digest the outer surface
of the egg and allow the sperm to inject its haploid DNA.

Actin A filamentous proteins (42 kD) involved in muscle contraction in both smooth and
striated muscle and also serves as an important structural molecule for the cytoskeleton of
many eukaryotic cells. It is the main constituent of the thin filaments of muscle fibers.
The filaments (known also as filamentous or f-actin) can be dissociated into their
globular subunits; each subunit is composed of a single polypeptide 375 amino acids
long. This is known as globular or g-actin. In conjunction with myosin, actin is
responsible for the contraction and relaxation of muscle.

ATP (adenosine triphosphate) A nucleotide present in all living cells which serves
as an energy source for many metabolic processes and is required for ribonucleic acid syn-
thesis.

Axoneme  The central microtubule complex of eukaryotic cilia and flagella with the
characteristic 9 + 2 arrangement of tubules when seen in cross-section.

Calcium  An element taken in through the diet that is essential for a variety of bodily
functions, such as neurotransmission, muscle contraction and proper heart function. Imbal-

ances of calcium can lead to many health problems and excess calcium in nerve cells can

1Resources: (a) On-line Medical Dictionary (http://www.graylab.ac.uk/omd/index.html)
(b) Life : the science of biology by Purves et al., published by W.H. Freeman and Company in 1995
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cause their death.

Calmodulin  Ubiquitous and highly conserved calcium binding protein (17 kD) with
four EF hand binding sites for calcium (3 in yeast). Ancestor of troponin C, leiotonin C
and parvalbumin.

Cyst  Any closed cavity or sac that is lined by epithelium often contains liquid or semi-
solid material.

Flagellum In bacteria, a whiplike motility appendage present on the surface of some
species. Flagella are composed of a protein called flagellin. Bacteria can have a single
flagellum, a tuft at one pole, or multiple flagella covering the entire surface. In eukaryotes,
flagella are threadlike protoplasmic extensions used to propel flagellates and sperm. Flagella
have the same basic structure as cilia but are longer in proportion to the cell bearing them
and present in much smaller numbers.

Limulus polyphemus Now renamed Xiphosura, though Limulus is still in common
usage as a name. The king crab or horseshoe crab, found on the Atlantic coast of North
America. It is more closely related to the arachnids than the crustacea and horseshoe crabs
are the only surviving representatives of the subclass Xiphosura. Its compound eyes have
been widely used in studies on visual systems, but it is probably better known from the
Limulus amoebocyte lysate LAL) test, LAL is very sensitive to small amounts of endotoxin,
clotting rapidly to form a gel and the test is used clinically to test for septicaemia.
Microtubule Cytoplasmic tubule, 25nm outside diameter with a 5nm thick wall. Made
of tubulin heterodimers packed in a three start helix (or of 13 protofilaments looked at
another way) and associated with various other proteins (MAPs, dynein, kinesin). Micro-
tubules of the ciliary axoneme are more permanent than cytoplasmic and spindle micro-
tubules.

Mpyosin A family of motor ATPases that interact with F actin filaments. An increasing
number of different myosins are being described. Myosin I is a low molecular weight (111-128
kD) form found in protozoa Acanthamoeba and Dictyostelium) that does not self assemble
and is found in the cytoplasm as a globular monomeric molecule that can associate with
membranes and transport membrane vesicles along microfilaments.

Brush border Myosin I is a single headed myosin found in the microvilli of ver-

100



tebrate intestinal epithelial cells, linking the membrane to the microfilament core.
There is a single heavy chain of 119 kD and multiple (3 or 4) calmodulin light chains.
The heavy chain has a C terminal domain that binds to acidic phospholipids.

Myosin II is the classical sarcomeric myosin that self assembles into bipolar thick
filaments. Myosin II is a multimeric protein (440 kD) with two heavy chains (200
kD) and two pairs of light chains (17-22 kD) in each hexamer.

Between species and tissues there are considerable variations in the properties of
Myosin II (see myosin light chains, meromyosin). Cytoplasmic myosin II is a family
of sarcomeric myosin like proteins, also hexameric, responsible for force generation
by interaction with microfilaments.

There are two heavy chains (up to 240 kD) and two pairs of light chains (15-20
kD), the self assembled filaments are shorter than those of the sarcomere. The MYO2
gene product is an unconventional myosin from yeast involved in polarized secretion.
MYO2 may be similar to dilute myosin from mouse and p190 protein from vertebrate
brain.

Scallop myosin is directly calcium regulated (through regulatory and essential
light chains) and is more similar to sarcomeric myosin than to the nonsarcomeric
myosins. Smooth muscle myosin has two 200 kD heavy chains, two regulatory 20
kD light chains that can be phosphorylated, altering its binding to the heavy chains
which induces a conformational change that renders the myosin active and two 17 kD
light chains.

Scruin  Actin binding protein found associated with the acrosomal process of Limulus
polyphemus. Scruin holds the microfilaments of the core process in a strained configuration
so that the process is coiled. The myosin binding sites on the microfilaments are blocked so
HMM decoration is impossible, indicating that there is an unusual packing conformation,
when the scruin actin binding is released the process straightens, the conformation of the

actin changes and myosin binding is possible.

B.2 Chemical terms
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Buffer A system that acts to minimise the change in concentration of a specific chemical
species in solution against addition or depletion of this species. PH buffers: weak acids or
weak bases in aqueous solution. The working range is given by pKa +/ 1. Metal ion buffers:
a metal ion chelator for example EDTA, partially saturated by the metal ion acts, as a buffer
for the metal ion.

EGTA (egtazic acid) A chelating agent relatively more specific for calcium and less
toxic than edetic acid (edta). It has been used in the treatment of urolithiasis. Pharmaco-
logical action: antidotes, chelating agents.

Ionophore A molecule that allows ions to cross lipid bilayers. There are two classes: car-
riers and channels. Carriers, like valinomycin, form cage like structures around specific ions,
diffusing freely through the hydrophobic regions of the bilayer. Channels, like gramicidin,
form continuous aqueous pores through the bilayer, allowing ions to diffuse through.
Triton X-100 Nonionic detergent used in isolating membrane proteins: the detergent
replaces the phospholipids that normally surround such a protein. Other detergents of the

Triton group are occasionally used so the full name should be quoted.

B.3 Physical terms 2

Bending moment (M) The first moment of stress integrated over any cross section of
a structural member, equal to the algebraic sum of the moments of all forces to either side of
the section; the moment is about the sectional neutral axis along which the bending stress is
equal to sectional mean bending stress; a positive bending moment bends the beam convex
downward, while a negative one bends the beam convex upward. Dimension3: M L?T-2
Bending stiffness (EI) This is also called flezural rigidity and represents a measure
of the resistance of a beam to bending. The larger the flexural rigidity is, the smaller the
curvature for a given bending moment. Dimension: M L3T 2

Crystalline  the state of a solid material characterized by a periodic and repeating

three-dimensional array of atoms, ions, or molecules.

2Resource: Mechanics of Materials by Gere and Timoshenko, published in 1997 by PWS pub-
lishing company
3M, L, T,and® represent mass, length, time and temperature, respectively.
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Density (p) A physical property of fluids defined by the ratio of the mass of fluid in
a fluid element to its volume. p = m/V where m is the mass and V is the volume of the
fluid. Dimension 4: ML~3

Drag force (fzq;)  a force (per unit length) that opposes an object moving through a
fluid. Dimension: MT 2

Drag coefficient ({) defined by farqe/v where v is the velocity of the object. Dimen-
siontn ML=1T1!

Elastic potential energy the energy made available for use by the return of an elastic
body to its original configuration. Dimension: M L?T 2

Moment of Inertia (I) The tendency of a body rotating about a fixed axis to resist
a change in this rotating motion, expressed as the integral over the body’s volume of its
density, multiplied by the square of the distance to the axis. I, = [y%dA or I,={ z2dA.
Dimension: L*

Viscosity (1) A physical property of fluids that determines the the internal friction of
a fluid; the resistance to flow exhibited by a liquid or gas subjected to deformation; viscosity
is expressed by a coefficient, in units of poise (1 poise = 0.1 Pa-sec). Kinematic viscosity is
defined as p/p where p is the density. Dimension: ML~1T~1

Young’s modulus (F) The ratio between tensile or compressive stress (o) and elon-
gation (€) of a solid stressed in one direction. Dimension: M L™1T~2

Viscous dissipation rate (E) The rate of energy dissipated due to viscosity of the

medium. Dimension: M LT3

4M, L, T, and© represent mass, length, time and temperature, respectively.
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