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Dr. A. Boulbitch

STATEMENT OF RESEARCH PLANS

In my research | focus on new aspects of mechanical behavior of such biological objects as
biomembranes, biogels, single biomolecules, etc. which result from (i) their meso- or nanoscales and (i) from
the interplay between their mechanics and biochemistry.

My research proposal (see below) is divided into two parts.

The first part involves development of a theory of dynamics of spontaneous adhesion and enforced
unbinding of biomembranes. In this project a theory will be developed accounting for the interplay between
micromechanical and biochemical degrees of freedom of biomembranes. This will enable me to describe
kinetics of bicadhesion.

The second part deals with a theory of the behavior of complex fluids during microrheological
experiments. A new type of resistive force will be introduced. The latter arises due to the mesoscopic size of
a probe bead used in the microrheological measurements and cannot show up on the macroscopic scale.

These problems raise important issues of mechanics of nano- and mesoscopic systems that are not dealt
with in current theories. In each case | will develop a theory combining analytical, numerical approaches and

molecular dynamic simulations.

Training and Supervision
These projects allows to train 3 to 4 PhD students and 2 postdoc. The second project will include a lot of
numeric calculation. This allows to train several diploma students.
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L. Theory of dynamics of adhesion of biomembranes and its control by mobility, affinity and clusterization of ligand-
receptor pairs, and by mechanical stress.

Abstract

The objective of the present project is to develop a theory of the kinetics of adhesion of
biomembranes mediated by specific interactions, its dependence on (i) the mobility of the ligand-
receptor pairs and repeller molecules, (ii) lateral phase separation of receptors possibly followed by an
amplification of the affinity between receptors and ligands, (iii) competitive inhibition of ligand-
receptor binding in the presence of antibodies in the bulk. I first focus on the description of a
membrane adhered onto substrate through mobile ligand-receptor pairs and study kinetics of its
spontaneous binding and enforced unbinding. I will then develop a theoretical model describing
control of adhesion kinetics by a variation of the affinity between receptors and ligands due to the
lateral phase separation of receptors. I will further study kinetics of the adhesion and unbinding
mediated by competitive chemical reactions. Here I plan to concentrate on two cases: (i) unbinding
mediated by competitive binding of antibodies (which are in the bulk of solution) to the receptors
residing in the membrane and (ii) switching between the adhesion states due to a competition of two
kinds of the ligand-receptor pairs. I will finally develop a theory of unbinding of a membrane from a

pinning center formed by a cluster of receptors.

Current State of Research

Introduction

Though adhesion of cells represents an essential stage in various biological processes (Alberts and others 1994) its
physical basis is still poorly understood. The importance of this area is demonstrated by the fact that nearly 21000
publications on adhesion appeared during last few years (Bruinsma and others 1999). Most of the papers concerned with
the role of specific bonds. But since the pioneering theory of Bell (Bell 1978) it is known that adhesion is controlled by
osmotic pressure of ligands, receptors and ligand-receptor pairs (Bell and others 1984). To study the physical basics of
adhesion it is essential to establish simplified experimental and theoretical models which contain main components of cell
membranes and “catch” main feathers of bioadhesion.

In the most simple case of non-specifically interacting membranes adhesion can be described in terms of an inter-
membrane, or membrane-substrate potential arising as the result of the superposition of generic forces of the system (such
as electrostatic, van der Waals and hydration interaction). In addition adhesion of a soft shell is strongly affected by
Helfrich undulation force. Adhesion of one-component elastic shells mediated by generic interaction has been extensively
studied theoretically in recent years by Lipowsky and Seifert (Lipowsky and Seifert 1991; Seifert 1991; Seifert 1997;
Seifert and Lipowsky 1990). Predictions of these theoretical models were verified experimentally by studies of the
adhesion of giant vesicles on supported membranes in the applicants laboratory.

Adhesion may become an origin of a lateral phase separation. This aspect has been studied in detail for the case of
the adhesion mediated by generic forces both experimentally (Marx and others 2002; Nardi and others 1998; Nardi and
others 1997) and theoretically (Bruinsma and others 1999; Komura and Andelman 2000; Komura and Andelman 2002). On
the other hand, it is shown experimentally that the receptors of the integrin family gives rise to adhesive contacts provided
it forms clusters (Dustin and others 1996). This is in line with a recent observation of a lateral attraction between the bound
receptor molecules (Maier et. al., 2001). So far no theoretical explanation of these facts exists. It will be addressed in the
present project.

Despite of the biological relevance few theoretical approaches have been proposed recently to describe specific
interactions between biomembranes. Adhesion of membranes mediated by stickers has been studied by R. Lipowsky, who
have shown that two membranes adhere to one another, if the concentration of the stickers exceeds a threshold (Lipowsky
1996). A theory of the adhesion based on chemical reactions of ligand-receptor pairs
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L+R—>LR a(;f" =k,C,Cr —k_Crp 6))

has been proposed by Bell et. al. (Bell and others 1984; Dembo and others 1988). Here L stays for ligands, R for receptors
and LR for the ligand-receptor pairs. C;z, C; and Cj, are the corresponding concentrations, k., and . are the forward and the
backward reaction rates.

Rupture of multiple parallel ligand-receptor bonds (a phenomenon closely related to that of cell adhesion) has been
studied showing that the rupture force depends on the number of bonds linearly, like a square root, or logarithmically
(Seifert 2000). The effect of repeller molecules was considered in a combined theoretical and experimental study. It was
shown that a tight adhesion may be possible at low receptor densities by first order adhesion transition accompanied by
receptor segregation and adhesion plaque formation. A correlation between adhesion of soft shells and wetting transition
was established more recently (Bruinsma and others 1999). It was shown that for the case of stickers-mediated adhesion a
generic repulsion between the membrane and the substrate gives rise to a lateral phase separation (Weikl and others 2002a).
Adhesion dynamics in a system containing stickers and repellers has been studied in the paper (Weik! and others 2002b). It
has been shown that in the case of a high barrier adhesion takes place via formation and growth of a single nucleus, while
in the case of a low barrier one should expect multiple nucleation.

If ligand-receptor pairs are mobile, motion of the adhesion rim will give rise to the diffusive motion of ligand-
receptor pairs in its front. If ¥ > (D/¢)"/?, where V is the rim velocity, D is the diffusion coefficient of the ligand-receptor

pairs and / is time, the ligand-receptor pairs inside the adhered area do not have enough time to diffuse away from the
moving rim. This gives rise to a lag force, which is osmotic pressure effect and resists the rim motion (Brochard-Wyart and
De Gennes 2002). The approach used in (Brochard-Wyart and De Gennes 2002) however, cannot account for the binding-
unbinding reactions between ligands and receptors and does not describe therefore, the membrane unbinding. The
descripti the brane unbindi counting for the mobili ligand-receptor pairs can b e using my previo
results (see Eq. (2)-(4) below) and will be addressed in this proposal,

Experimental and theoretical background for the proposal
Interactions between cells and between a cell and a tissue surface takes place via an interplay of specific and non-
specific forces. Various types of ligands and receptors may be involved in the adhesion process, some of the ligand-
receptor pairs are mobile while others are immobile, so that the adhesion of cells involves a redistribution of molecules. To
study basic physical properties of specific adhesion one needs a simplified model experimental system which is still able to
catch them. Recently such an experimental model sys simple but versatile, has been develo] (Albersdorfer and
others 1998; Albersdorfer and others 1997; Guttenberg 2000; Kloboucek and others 1999). It consists of a giant vesicle
with reconstituted lipid coupled ligands (referred to as lipo-ligands) which acts as a test cell. In addition, lipo-polymers
(such as the polyethyleneglycol covalently attached to the lipid head-group mimicking the repulsive effect of the
glycocalix) are reconstituted into the vesicle. To mimic the target cell, either a supported membrane with reconstituted
conjugated receptors or a substrate coated by them is used. With this new system kinetics of the spontaneous adhesion and
nforced unbindin, been studied and revealed n ies. Theoretical description of this system is addressed in the
present proposal.

1. Determination of adhesion energies from membrane shapes
In the previous work (Guttenberg and others 2001) we reported an observation of a discontinuous transition between
adhesion states in system described above. The system exhibits a weakly bound state characterized by a large (~150+200
nm) substrate-membrane distance (Schematically shown in Fig. 1 a) and a tightly bound state exhibiting a distance about
few manometers (Fig. 1 ¢c). We have shown that the first state is controlled by gravitation, while the tightly adhered state is
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Fig. 1. Kinetics of the adhesion. (a)-(c) Schematic view of the adhesion kinetics, (d)-(f) shows the corresponding

experimental images of the adhesion area. (a) and (d) The vesicle with reconstituted ligands and repeller molecules
hovering over the substrate. (b) and (e) Nucleation of the region of the tight adhesion in which ligands are bound to the
receptors (seen as the black area in (e)). After nucleation the region of the tight adhesion grows until it occupies the whole

adhesion area (c) and (f).
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due to specific ligand-receptor interaction. Our measurements showed that the previously established model (Bruinsma
1996) describing the shape of the membrane in the vicinity of the adhesion rim does not give even a qualitative agreement
with our data. We extended the previous model so that in addition to the local bending it accounts for stretching of the
membrane at the rim of the adhesion disc as well as for the gravitational force. With this excellent agreement between the
measured and calculated vesicle profiles has been achieved. This theory enabled us to extract for the first time the energy of
adhesion mediated by the interaction of a single type of the ligand-receptor pair from the experimental data. We also have
calculated the energy of adhesion in the spirit of the theory (Bell and others 1984), but extended in such a way that it
accounts for the contribution of the repeller molecules. These arguments show that this energy is controlled by the lateral
osmotic pressure of the repeller molecules, which explains the coincidence of these two values noticed in our experiment.
2. Unbinding of a bead from a biomembrane

One often finds situations in which a biomembrane adheres onto a curved, rather than onto a plane surface. An example
is a microbead adhered on the membrane (Vetvicka and Fornusek 1987). Another example is the cantilever tip of the
atomic force microscope functionalized in such a way as to be attached to a cell surface (Benoit and others 2000). In a
recent paper (Boulbitch 2002) the enforced unbinding of a bead from (i) a supported membrane, and (ii) from a cell surface
has been studied theoretically. The adhesion mediated by generic forces has been considered. In contrast to the situation of
the adhesion mediated by specific forces, unbinding is only possible if the external force exceeds a threshold value. The
threshold unbinding force has been calculated. Estimates show that it is within the range accessible in micromechanical
experiments.
3. Spontaneous adhesion dominated by specific interactions

In a recent paper (Boulbitch and others 2001) we reported the first measurement of the kinetics of adhesion of a single
giant vesicle controlled by the competition between the membrane-substrate interaction mediated by ligand-receptor
interactions, the effects of gravitation and Helfrich repulsion. The system was analogous to that reported in (Guttenberg and
others 2001). In the beginning of the experiments vesicles were hovering over the substrate in the weakly adhered state
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Fig. 2. Displacement of the adhesion rim versus time exhibits a square-root dependence at small
concentrations of ligands (a). The coefficient o exhibits the linear dependence on the concentration of ligands
(b) according to the prediction of our theory (solid line). Blue squares show our data and the red one is taken
from the paper (Park, at. al. 1990) where kinetics of adhesion of platelets on fibrinogen has been measured. At
high concentration of ligands the rim displacement linearly depends on time (c) and its velocity exponentially
decreases with the concentration of repeller molecules (d) according to the theoretical prediction (solid line)

mediated by the competition of the gravitation and undulation repulsion (see (Boulbitch and others 2001)) This is
schematically illustrated in Fig. 1 a while Fig. 1 d shows the reflection interference contrast microscopy (RICM) image in
this state. After a while a nucleation of a small area of the tight adhesion (mediated by the ligand-receptor interaction) was
observed (Fig. 1 b and e). This tight adhesion area then grew until it occupied the whole interface of the vesicle adhesion
(Fig.1 ¢ and f). At small ligand concentrations we observed the displacement, x, of the rim of the domain of tight adhesion
to follow the square root law x~¢", while at high concentrations we found a linear law x~z.

In order to analyze these measurements I assumed that the adhesion rim is narrow and deduced a condition which must
be fulfilled at the rim:

2 @
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where b is the width of the reaction zone, x is the displacement of the rim, ¢ is the time. For the regime of the low ligand
concentration this equation yields the boundary condition on the moving boundary for the diffusion equation describing the
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distribution of ligands. This enabled us to reduce the problem to the so-called Stefan’s problem whose solution for the rim

displacement yields x = om/? which agrees with the observations (as shown in Fig. 2 a).

By calculating a I predicted its linear dependence on the concentration of ligands which fits to experimental
results (Fig. 2 b). We further gave qualitative arguments showing that in the case of a high concentration of ligands the rim
displacement depends linearly on time, X = vf. We demonstrated that for the velocity v of the adhesion rim decreases
exponentially with increasing of the repeller concentration. This result perfectly describes observations in the regime of
high ligand concentration (Fig. 2 ¢ and d).

4. Enforced unbinding of a membrane whose adhesion to the substrate is mediated by specific interactions

Recently, the vesicles with reconstituted lipo-ligands (recognized by the integrin receptors of the endothelial cell) were
used to study the enforced unbinding of vesicles from living endothelial cells (Prechtl and others 2002). A vesicle was
sucked into a micropipette and brought in contact with an endothelial cell until their mutual adhesion takes place. After
that, the unbinding experiments were performed at constant force rates yielding the dependence of the unbinding force F,

as the function of the loading rate F in the form F, ~ FP with B~0.4.

A theoretical description of the dynamics of unbinding of a membrane from the substrate under application of external
force was proposed in my paper (Boulbitch 2002). This work is based on two ideas. The first of them is that the rim motion
must be determined by the dissociation constant K, of the chemical reaction Eq. (1). This enabled me to deduce equation of
motion of the adhesion rim:

Fig. 3. Unbinding of a vesicle from the endothelial cell. The vesicle with the reconstituted ligands and repellers is
sucked into the micropipette. The ligands of the vesicle are recognized by the receptors of the endothelial cell.
(a) The vesicle approaches to the surface of the endothelial cell. (b) The vesicle is brought in contact with the
endothelial cell which results in its specific adhesion. (c) The stage of retraction. One can see the vesicle
deformation. (d) The image is taken during the breaking of the bond between the vesicle and the cell. One can
simultaneously see two shapes of the vesicle: right before and right after the unbinding. (With kind permission of

Prof. R. Merkel)
& _pr|1-Za 3)
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Here x(” is the dissociation constant of ligand-receptor pairs in the rest state, while x , is the dissociation constant in a

situation when the membrane is subjected to a mechanical load.

The second idea of this work is that if the vesicle is subjected to a mechanical load, mechanical energy of the vesicle
deformation is stored in the softest part of the system, which is the curved piece of the membrane at the rim. When the
adhesion rim propagates this energy is released and breaks the ligand-receptor bonds. This leads to a modification of the
dissociation constant of the binding-unbinding reaction between ligands and receptors, if they are reconstituted into a
membrane. The dissociation constant depends in this case on the mechanical torque M at the rim per unit length:

K, M?a
EXO 4
KO p[szBTJ )

Here «x is the bending elasticity of the membrane, T is the temperature, kg is the Boltzman’s constant and a is the area per
receptor molecule.

With the dissociation constant determined in such a way the equation of motion of the adhesion rim (3) can be
solved exactly. This solution predicts that the rim motion has an initial slow phase followed by a phase of a rapid motion.

This ends up with the breakage of adhesion. The solution predicts a power law F, ~ F? for the dependence of the
unbinding force on the force rate with § =1/2 for small and p =1/3 for large applied forces.



A. Boulbitch, Statement of Research Plans

Fig. 4. Sequence of successive images showing the evolution of the adhesion area of a vesicle on the
substrate. Adhesion is mediated by the ligand-receptor pair represented by Sialyl-LewisX-selectin at ultra-
low concentrations of ligands. The images resemble a random walk process. Amows show the tightly
adhered area.

Eq. (2)-(4) are the important new findings enabling one to advance the understanding of the adhesion kinetics

Recent experiments: motivation for a theoretical studies

1. Adhesion at low ligand concentration
Recently a novel model system was established and studied (Lorz and Sackmann 2003) which consists of selectin

Fig. 5. Sequence of successive images showing the unbinding of the membrane whose adhesion is due to the
Sialyl-LewisX-selectin pair. (a) Shows the adhesion area of the membrane. In the black regions (arrow) it is bound
to the substrate. The image is taken in the moment when the selectin antibodies are added to the system. (b-d)
Show the evolution of the adhesion area during the antibodies-mediated unbinding.

receptors immobilized on solid substrate and giant vesicle with reconstituted Sialyl-LewisX oligosaccharides recognizing
by selectin receptors and playing a central role in immunological response. In addition the polyethyleneglycol repellers are
reconstituted into the membrane. A major difference with respect to the model system with integrin is that the Flory radius
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of the mushroom formed by the grafted polyethyleneglycol molecule is smaller than the length of the ligand. To prevent an
immediate binding a very low ligand concentration has been chosen. Evolution of the adhesion area in this case clearly
resembles a random walk process (Fig. 4) which qualitatively correspond to the prediction of Weikl an co-authors (Weikl
and others 2002b) concerning a multiple nucleation. However, in addition to the multiple nucleation of the adhered states

on the background of the unbound state observations show also nucleation of an unbound state on the background of the

adhered state, the whole process is highly dynamic. This phenomenon is not understood so far.

Fig. 6. Schematic view of the vesicle with reconstituted ligands and repellers over the supported lipid bilayer
membrane separated from solid by a polymeric cushion. The latter carries mobile receptors (the transmembrane
proteins integrins). Clustering of the receptors (red arrows) results in the membrane pinning. Enforced unbinding
of the membrane is achieved by application of a force with the help of the magnetic bead (the top of the figure).
The unbinding process takes place by two mutually dependent processes: (i) lateral motion of the ligand-receptor
pairs and (ii) unbinding of ligands.

2. Unbinding of the membrane by a competitive inhibition

In the same set of experiments (Lorz and Sackmann 2003) the membrane unbinding mediated by competitive inhibition
of receptor-ligand binding by antibodies to selectin receptors has been observed (Fig. 5). The antibodies for selectin
have the higher affinity to the selectin receptors than the Sialyl-LewisX ligands. Therefore, they replace the receptors

which results in unbinding of the membrane. This process is not understood so far. This problem I address theoretically in
the present proposal.
Recent progress in synthesis of artificial ligands such as arginine-glycine-asparate acid recognized by natural receptors

of the integrin family is expected to develop a new strategy of treatment of several diseases (among them the osteoporosis,
vascular restenosis, cancer (Carron and others 1998; Lin and others 1998) and autoimmune diseases (Falcioni and others
1999)). This strategy is based on the competitive inhibition of the adhesion involved in the disease development.

F ig. 7. Experimental image showing successive stages of the unbinding of the vesicle schematically shown in F, ig. 6. (a)
The adhesion area of the vesicle before the unbinding started. The vesicle under study is shown by the arrow. )
Application of the force (see Fig. 6) gives rise to unbinding. The pinning centers show up. Two pinning centers are
indicated by the arrows. (c) Further unbinding results in the sharpening of the corner made by the adhesion rim at the
pinning center (arrow). (d) The adhesion area after unbinding of the pinning center
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4. Effect of membrane pinning on the unbinding

In another series of experiments (Génnewein and Sackmann 2003) a supported membrane is separated from the solid
support by a polymer cushion composed by cellulose. The receptors are reconstituted into a supported lipid bilayer (Fig. 6).
Under this condition the receptors are mobile and therefore, may form clusters. During the unbinding experiments such
type of clustering followed by the membrane pinning has been observed (Fig. 7). Observation show that the pinning centers
are the main sites of membrane attachment to the substrate and that unbinding of the pinning center was followed by a
rapid decreasing of the adhesion area. The latter lasts until new pinning centers show up and arrest the motion of the
adhesion rim. Adhesion energy measured in these experiments €,4,~10"*J/m? is much higher than that ~10°° to 10°)/m? in
the case of physisorbed integrins measured in previous experiments.

A theoretical interpretation of this phenomenon as well as of the kinetics of the unbinding of the pinning center is still

missing. I address this problem in the proposal.

What is challenging?
The experimental data reviewed above show the possibility to manipulate adhesion in several ways. Adhesion can be
controlled by
e variation of the repeller concentration
e variation of antibodies in the bulk solution
¢ influencing the receptor aggregation and
® mechanical loading of the membrane
Manipulating the adhesion state requires theoretical predictions of controlled adhesion kinetics.

No such theory exists by now, and | will develop it in the present project.

Goals and Working Plan
Goals
The major goal of the present project will be to describe the control of the dynamics of adhesion and unbinding of
biomembranes by the formation of ligand-receptor bonds. In particular I will put major emphasis on
¢ the unbinding dynamics of a membrane whose adhesion is mediated by mobile ligand-receptor pairs and its control by
mechanical loading,
* the dynamics of the membrane unbinding due to interaction with molecules (such as antibodies) which competitively
bind to receptors and control of this process by the concentration of these molecules and membrane mechanical state.
e the effect of a lateral phase separation of receptors on their affinity to ligands. In this section we will study dynamics
of adhesion induced by lateral phase separation of receptors.

The following questions will be addressed:

¢ What is the relation between the force applied to membrane and the unbinding rate if the unbinding of ligand-
receptor pairs is accompanied by their lateral movement?

e How does the dissociation constant of ligand-receptor pairs depend on the lateral phase separation of receptors
mediated by their lateral attraction? How is adhesion dynamics in this case controlled by the lateral phase
separation?

¢ How is adhesion and unbinding controlled by the presence of molecules inhibiting the ligand-receptor binding?
e How is dynamics of adhesion affected by competition of two types of ligand-receptor pairs?

*  What is the mechanism of membrane unbinding at a pinning centers?

Working Plan

1. The enforced unbinding of a biomembrane adhering through mobile ligand-receptor pairs: interplay of lateral
diffusion of ligands/receptors and unbinding reaction

The displacement x of the rim can be represented as x = x, + x,.. The first term, x, , is the displacement due to the
inward diffusion of the ligand-receptor pairs, while the second, x,, is due to their unbinding. In a recent paper by

(Brochard-Wyart and De Gennes 2002) the case of the membrane dynamics giving rise to inward diffusion of the ligand-
receptor pairs with no unbinding (x = x;) has been considered. This case does not cover the unbinding process, since it

does not account for the dissociation of ligand-receptor pairs.
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I will study the interplay between dissociation of ligand-receptor pairs and their unbinding-induced diffusion into the
adhesion area. As it has been shown in (Brochard-Wyart and De Gennes 2002), such a motion of the ligand-receptor pairs
gives rise to a force impeding the rim motion (referred to as osmotic force). I will concentrate on the most important case in
which the adhesion process is determined by a joint motion of the rim and a cloud of the ligand-receptor pairs accompanied
by unbinding. I will calculate the dissociation constant making use of Eq. (4). In this case however, it depends self-
consistently upon the lag force predicted by Brochard-Wyart and De Gennes. Establishing a self-consistent equation of
motion will allow me to describe the joint motion of adhesion rim and a cloud of the ligand-receptor pairs. Possible
instabilities of the joint motion should be analyzed.

The aim is to predict the dependence of the unbinding rate in such a system on both the applied load and the mobility of
ligand-receptor pairs

2. Control of the adhesion state by the amount of repeller molecules

I will study a system consisting of mobile ligands and repellers reconstituted into a biomembrane adhered on a
substrate covered with receptors. I will first examine the effect of the repellers on the equilibrium state of this system and
calculate the phase diagram of the unbinding transition. I expect to describe the phase diagram reported in (Guttenberg and
others 2001). I will further deduce the kinetic equation (analogous to Eq. 1 and 2) which, however, takes into account the
effect of repeller molecules. I will finally study possible regimes of the adhesion dynamics depending on the relative
amounts of ligands, receptors and repellers.

The aim of this part is to understand the experimentally measured adhesion phase diagram and to be able to predict
possible adhesion states depending of types of molecules reconstituted into the membrane

3. The lateral phase separation of receptors during adhesion

I intend to show that lateral phase separation of receptors (due to their lateral attraction) result in a decreasing of the
dissociation constant of the ligand-receptor pairs. Since the kinetics of the rim crucially depends on the dissociation
constant (as it follows from Eq. (3) and (4)) this makes a strong effect on the adhesion kinetics. The influence of the lateral
phase separation on the adhesion kinetics (and vice versa) will be studied in this part of the project.

Two particularly interesting situations to be studied are the following.

(i) If the affinity of receptors and ligands in the low-concentration phase is too small to mediate any adhesion,
and if the adhesion occurs only in the high-concentration phase, one can expect that the process will be
dominated by the phase separation. I will study the effect of the kinetics of the phase separation on the kinetics
of adhesion.

(ii) The lateral attraction between the receptors may arise due to their binding to ligands, while the unbound
receptors do not attract one another. I will study how in this case adhesion triggers either the phase separation
process of receptors or their aggregation in clusters.

Within this projects equations of the adhesion kinetics (3), (4) will be solved together with kinetic equations describing

the phase separation.

The aim of this subproject is to understand the phase separation-assisted adhesion and to explore mechanisms of its control

4. Adhesion and unbinding of a membrane due to the competition of chemical reactions.

4.1. Unbinding by a competitive inhibition.

A very important biological situation is the impeding of adhesion by antibodies to receptors. Experiments with the model
system (Lorz and Sackmann 2003) show that the adhesion process is very sensitively affected by antibodies in the bulk
phase. Addition of small quantities of antibodies can lead to unbinding. This is an important result, since it yields a tool to
control the adhesion state by variation of the antibodies concentration. Within this part of the project a mathematical model
will be developed which will explain the observed weakening of adhesion depending on the concentration of antibodies in
the bulk.

The aim is to interpret recent experiments on impediment of adhesion by the antibodies.

4.2. Adhesion in the presence of two competing ligand-receptor pairs.

A usual situation in bioadhesion is that two types of ligand-receptor pairs compete. I therefore, study a membrane-substrate
system carrying two types of ligand-receptor pairs possessing different values (i) of the lateral diffusion coefficient, (ii) of
the dissociation constants, (iii) of the reaction rates and (iv) of the ligand-receptor distances. I expect that such a system
will exhibit different regimes of the adhesion kinetics.

The aim is to predict the possible kinetic regimes of adhesion mediated by two types of ligand-receptor couples.

5. Effect of pinning center on resistance to unbinding

Formation of clusters consisting of a group of receptors is usually followed by local membrane pinning. Experiments are
designed in the applicants laboratory which allow to study formation and unbinding of a pinning center and to measure line
forces at the adhesion rim which balance the pinning center (see Section 2.1.2.7) (Génnewein and Sackmann 2003). 1
intend to describe kinetics of unbinding of a single pinning center and of a pinned membrane and its control by a
configuration of pinning centers and by the number of ligand-receptor pairs constituting the pinning center.

The aim is to understand the process of unbinding of a pinned membrane.
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Outlook

One way to expand the ideas of the present proposal is to study dynamics of adhesion of a cell membrane supported
by the actin cortex.

Another way is related to the point of view in which bioadhesion can be considered as an example of plasticity in
biology in 2 dimensions. Biological plasticity in 3 dimensions is represented by the mechanical behavior of a biological gel
containing specific cross-linkers. (A biologically relevant example is the cytoskeleton - the major stress-bearing component
of animal cells). In this case the degree of cross-linking which determines the character of its vicoelasticity must
nonlinearly depend on the stressed state of the gel. A theory of behavior of such a gel subjected to a mechanical stress is a
challenging direction of a further work.

Further important way is to study the binding-unbinding process accompanied by structural changes leading to
mechanical motion on the level of a single molecule. This group of problems include also such enzymes which possess
domains exhibiting mechanical motion associated with the enzymatic reaction. Molecular motors (such as those belonging
to the myosin family and many others) are examples of such enzymes. The challenging problem in this case is to study the
influence of mechanical loads on biochemical reactions.
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II. Mathematical modeling of microrheological experiments in a complex fluid with self-diffusion

Abstract

Within this project I will study the enforced motion of a bead through a complex fluid possessing a component moving by
the way of a self-diffusion. I intend to introduce a new type of force resisting the motion of the bead and giving rise to an
unusual mechanical response. In collaboration with D. Pink (Canada) we will perform a molecular dynamics simulation of
the bead motion in the entangled actin gel. New regimes of the bead motion recently discovered in micromechanical
experiments will be studied. We will further study the effect of the gel density, pH and concentration of divalent cataions
on the micromechanical properties. Both by application an analytical theory of motion in a random potential and by the
molecular dynamics simulations we will analyze the enforced motion of a single actin filament through a (spatially
random) actin gel. We will finally simulate equation of state of the actin gel.

Introduction
1. Microrheology of complex fluids

Microbeads are widely used in biology: in micro agglutination techniques, in adjuvant immunization, for drug delivery,
in surface markers detection technique, in solid- and liquid-phase separation of cells (Vetvicka and Fornusek 1987) in the
magnetic separation technique (Olsvik and others 1994) and in the studies of phagocytosis (Vetvicka and Fornusek 1987;
Wetzel and others 1969).

In addition one can use microbeads as a tool to probe locally micromechanical properties of biological materials
(Amblard and others 1996; Bausch and others 1999; Bausch and others 1998; Glogauer and others 1997; Heilbronn 1922;
Lee and others 1992; Sato and others 1984; Schmidt and others 1996a; Valberg and Butler 1987; Valberg and Feldman
1987; Wang and others 1993; Zaner and Valberg 1989; Ziemann and others 1994a).

Passive and active approaches are formally distinguished in microrheological measurements. During passive
measurements thermal fluctuations of beads are observed (MacKintosh and Schmidt 1999a; Mukhopadhyay and Granick
2001; Solomon and Lu 2001), while during active microrheological experiments a force is applied to the bead by a laser
beam (optical tweezers) (Ashkin 1991; Kuo 2001) or by magnetic field (magnetic tweezers) (Glogauer and Ferrier 1998),
(MacKintosh and Schmidt 1999a) and the displacement of the bead is measured (Amblard and others 1996; Bausch and
others 1999; Bausch and others 1998; Schmidt and others 1996a; Ziemann and others 1994a). This method enables one to
establish local viscoelastic properties of biological materials.

Interpretation of the microrheological experiments requires a model of the system under study and such models have
been proposed for the purposes of interpretation of micromechanical measurements. (Duszuk and others 1989; Fung 1988;
MacKintosh and Schmidt 1999a; Solomon and Lu 2001; Theret and others 1988; Valberg and Butler 1987), (Arnoldi and
others 2000; Boulbitch 1998; Boulbitch 1999; Boulbitch 2000; Boulbitch 2002; Boulbitch 2003; Merkel and others 2000).
It is generally accepted that the microrheological measurements can be completely understood on the basis of the
assumption that the medium exhibits a purely viscoelastic response (MacKintosh and Schmidt 1999a; Mukhopadhyay and
Granick 2001; Solomon and Lu 2001). In this proposal I will show that in_interpretation of the microrheological
measurements one needs to account for an osmotic resistive force in addition to the viscoelastic effects.

2. Entangled actin networks.

In the second part of the present project I will apply properties of the osmotic resistance outlined in the first part of the
present project in order to describe microrheological measurements in actin networks.

The filamentous protein, F-actin, is a component of the cytoskeleton which makes it possible for cells to bear and
respond mechanical loads. The cytoskeleton represents a gel composed of several types of filamentous proteins. The major
protein of the cytoskeleton is F-actin. This determines its extraordinary role in the cell mechanics and the interest to its
mechanical properties (Mackintosh and Janmey 1997; MacKintosh and Schmidt 1999b).

Semi-dilute solutions of F-actin exhibit viscoelasticity even without cross-linking (Janmey and others 2001).
Mechanical behavior of actin filaments in solution was studied experimentally by several techniques, such as dynamic light
scattering (G&tter and others 1996), enforced oscillations (Riveline and others 1998), macrorheology (Hinner and others
1998) and magnetic tweezers (Dichtl and Sackmann 1999; Dichtl and Sackmann 2002; Schmidt 1999; Schmidt and others
2000; Schmidt and others 1996b; Ziemann and others 1994b). The main challenge of these experiments is to study
viscoelastic properties of actin gels determined by its frequency-dependent shear modulus G=G(@. Several theoretical
models have been proposed to describe the viscoelastic behavior of the semi-dilute actin solutions (see recent reviews
(MacKintosh and Schmidt 1999a; Solomon and Lu 2001). The high-frequency dependence of the shear modulus G(w)~«’”
predicted in (Gittes and MacKintosh 1998) accurately describes the actually observed behavior (Gittes and others 1997).
The well-known reptation tube approximation (Morse 1998a; Morse 1998b; Morse 1998c; Morse 1998d; Morse 1999) was
used to account for its low-frequency viscoelastic behavior. However, recent experiments with a newly established
colloidal probe technique (Dichtl and Sackmann 1999) and the macro-rheometry within the frequency range 0.1 to 10Hz
(Schmidt and others 2000) revealed that the measured viscosity differs by one to two orders of magnitude from that
predicted by the reptation tube model. In this project I will address this problem. I intend to show that the discrepancy is
due to the spatially inhomogeneous structure of the reptation tube.

Up to now it was generally accepted that the properties of the actin gel can be described in terms of viscous and elastic
properties of its components on either microscopic level (Morse 1998a; Morse 1998b; Morse 1998¢c; Morse 1998d; Morse
1999) or phenomenologically (Levine and Lubensky 2000; Levine and Lubensky 2001). Recent experimental observations
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(see the discussion below) show that the viscoelasticity alone is not enough to describe the microrheology in the actin gel
within the interval 1 to 50s. Description of this regime of the be tion is addressed in the present proposal.

It is important to note that cytoplasm of cells and especially of bacteria is filled with a dense solution of proteins. In
addition, animal cells possess a cytoskeleton that penetrates through the whole cytoplasm. In this situation the
hydrodynamic modes of the cytoplasmic motion may be hindered and (passive) motion of proteins of the cytoplasm may
take place by the way of self-diffusion.

In this project I will study dense solutions of proteins in which at least one component exhibits a self-diffusional
mode of motion. I will s forces arising in microrheological experiments in such systems. I will apply the results for
explanation of experiments with actin gel.

Experimental background

1. Enforced motion of a bead through the actin gel.
It is important to understand the microscopic viscoelastic properties of actin gel, i.e. its response to a mechanical
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Fig. 8. Experimental data showing the typical response of the bead embedded into actin gel to which a rectangular force pulse has been
applied. The response function J is the bead displacement normalized by the force: J(t)=x(t)/F. The data is interpreted on the basis of a
viscoelastic model represented by the equivalent mechanical circuit consisting of dash-pots and springs shown in the insert.
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Fig. 9. The double logarithmic plot showing the displacement of the bead in the actin gel versus time in
response to rectangular force pulses. The duration of the force pulses is up to 100s. Different colors
comespond to different force pulses. One can distinguish three regimes: (i) the initial regime (t<1s) with
x~*7% (the slope is shown by the dashed, black line, (ii) the square-root regime at 1s<t<50+80s with x~{**
(the slope is shown by the dotted and dashed, black line) and {iii) the crossover to the viscous regime
t>80s with x~t (the slope is shown by solid, black line). With kind permission of W. Fenneberg, J. Uhde
and E. Sackmann

load localized within few micrometers, since this is the scale on which the mechanical loads are usually applied to cells.



A. Boulbitch, Statement of Research Plans 14

This problem has been studied with the help of the so-called “magnetic tweezers” set up (Dichtl and Sackmann 1999;
Dichtl and Sackmann 2002; Hinner and others 1998; Schmidt 1999; Schmidt and others 1996b; Ziemann and others
1994b). Within this method a paramagnetic bead is embedded into the gel and subjected to an inhomogeneous magnetic
field B giving rise to a force F~(B-V)B acting on the bead. The force F, the displacement of the bead x=x(#) and the strain
field of the gel can be measured. The time resolution of the set up is 50ms. The set up is described in details in the paper
(Ziemann and others 1994b).

A typical experimental data obtained during the creep experiments (Schmidt 1999) is shown in Fig. 8 and exhibits the
displacement of the bead in response to a rectangular force pulse. These data have been interpreted on the basis of a
viscoelastic model of entangled actin solution. This can be done in terms of a so-called equivalent mechanical circuit
consisting of interconnected dash-pots and springs (shown in the insert in Fig.8).

A characteristic feature of the equivalent circuit shown in Fig. 8 is that it assumes a final tilt of the response curve at 1=0.

This means that in the beginning of the force pulse the bead displacement linearly depends on time: x ~ (n(‘,' +n,"')t,

where 1o and 1, are the viscosities of the dash-pots shown in Fig.8. These viscosities are phenomenological parameters. In
order to understand their origin one needs to establish a model describing this the microrheology in actin gel and predicting
such a behavior. So far such a model does not exist.

Recently the experimental set up has been modified which enabled one to improve the time resolution up to 6ms. This
revealed an unexpected behavior of the response curve in the very beginning of the force pulse (Fig. 9) (W. Fenneberg, J.
Uhde and E. Sackmann — unpublished). The data plotted in a double logarithmic scale over four decades exhibit three
regimes with the power law behavior:

x(@)~1t¢ (5)
(1) During the first regime (¢<1s) the data can be fitted by a=0.75 (the slope is shown by the black, dashed line in Fig. 9).
This is in accord with the high frequency dependence of the shear modulus G(w~&’" (Gittes and MacKintosh 1998). (ii)
During the intermediate regime 1s<t<80s one can fit the data with the square-root law a=~0.5. The slope is shown by the
dotted and dashed line in Fig. 9. One can see that square-root regime takes place over at least two decades. (iii) At />80s the
slope increases again, which probably indicates a crossover to the viscous regime with a=/ (shown by black solid line Fig.
9).
Note that the square-root regime cannot be described by any equivalent mechanical circuit (in other words, by any visco-
elastic model). It requires introduction of a new, non-viscoelastic circuit element. This problem will be addressed in the
present project.

2. Enforced motion of a filament through the actin gel
Recently an enforced motion of a actin filament through the actin gel has been studied (Dichtl and Sackmann 2002). The
paramagnetic bead has been biochemically attached to the actin

Fig. 10. Enforced reptation of the fluorescently labeled actin filament through the actin gel. The filament with the
paramagnetic bead attached to its end can be seen before and after the force pulse (Dichtle, 2002)

filament. The latter has been fluorescently labeled. The labeled filaments (referred to as “the filaments of response”) were
then embedded into the actin gel. This enabled one to apply the force pulses to the bead, to pull it through the gel. In these
experiments the force applied to the bead, the bead displacement as the function of time and the shape of the filament are
measured (Fig. 10).

The creep experiments with the beads whose diameter was 4.5um have exhibited response curves analogous to those of
single bead in the actin solution (Fig.8) (Dichtl and Sackmann 2002). However, new recent measurements using beads that
were smaller than the mesh size of the gel (J. Uhde and E. Sackmann - unpublished) revealed a purely viscous motion of
the bead-filament system. The viscous friction appears to depend on the filament length. It can be interpreted in such a way
that in the case of the large beads (4.5um) the resistance arises mainly from the bead. In contrast, if the beads are smaller
than the mesh size, the resistance is determined by the filament itself.
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So far there is no theoretical explanation of the observed dependence of the friction on the filament length. This
problem will be addressed in my project.

Theoretical prerequisites for the proposal

1. A medium with a constant self-diffusion coefficient: estimates
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Fig. 11. Schematic view of the motion of a bead (shown in red) immersed into a dense protein solution. During the da;?laoemsnt by x(t) the

beads rakes the proteins (blue circles) in front of itself. By diffusion the proteins are redistributed over distance ~(Dt)"”.

Consider motion of a bead (radius R) in a dense solution of proteins with the concentration ¢ (Fig. 11). Assume that during
the time ¢ the bead displacement is x=x(z). During its motion the bead rakes up the protein molecules in front of itself (Fig.
11). The region left behind the bead during its motion is free of proteins (Fig. 11). Therefore, an osmotic pressure acts on
the front surface of the bead giving rise to a force acting on the bead and resisting its motion which can be estimated as:
ckgTR 2 xN (6)

R

In microrheological experiments the bead is usually subjected to rectangular force pulses (see for example, (Bausch and
others 1998)). If such a pulse with the amplitude F is applied to the bead and is balanced by the osmotic force F=F,u, one
finds an estimate for the equation of motion of the bead in the following form:

xt)~ L ‘/32 Jr Q)
ckyTR
Therefore, under the application of the rectangular force pulse one should expect a regime in which the bead displacement
is proportional to the square root of time x~t"? in correspondence with the experimental observation shown in Fig. 9.
2. Preliminary results of the numeric approach with finite element method and molecular dynamic simulations.
First results of numeric calculation of a bead moving in a medium with the self-diffusion are shown in Fig. 12. They
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Fig.12. Results of a numeric solution of equation describing enforced motion of a bead in a self-diffusing medium. (a) The bead
(shown as a white disc) moving in the medium of diffusing particles from left to right. Color indicates the concentration of the
particles. High concentration is shown in red, and low in blue. (b) The bead displacement (arbitrary units) versus time calculated
within the osmotic model shows the squars-root regime x~t'? during the initial stage of the motion and a linear regime in the later

stage.
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qualitatively confirm the above estimates and show the existence of the square-root regime of the bead motion.

Fig. 13. Preliminary results of the molecular dynamics simulation of the bead moving in the solution of semiflexible
polymers. The polymers are modeled as chains consisting of spheres interacting with one another via a harmonic
potential (small spheres in the picture). Different colors show spheres belonging to the different polymers. The
polymers are only shown in the stripe along the path of the motion of the magnetic bead, other polymers are not
shown for the sake of visualization. (A) The magnetic bead in the rest state. (B) and (C) The bead is subjected to a
constant force (directed to the right). (B) shows the bead and polymers in the beginning of the bead motion. (C)
shows a later stage of the bead motion. (i) The region with the decreased and (ii) with the increased density of the

polymers.

16
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In collaboration with professor D. Pink (St. Xavier University, Antigonish, Canada) we developed a program to make a
molecular dynamic simulation of the system. The program have been successfully tested. The preliminary results showing
the motion of the magnetic bead in the solution of semiflexible filaments obtained with this program are shown in Fig. 13.

3. Osmotic force in a medium with frequency-dependent shear modulus

If the deformation of the medium excites internal degrees of freedom of protein molecules the shear modulus may
become frequency-dependent. This case takes place in actin gel where the power-law dependence of the shear modulus on
frequency G(a) ~a’™” is attributed to the extension of the actin molecules (Gittes and MacKintosh 1998; Gittes and others
1997). Assuming that the Stockes-Einstein relation is valid for the medium under consideration (Solomon and Lu 2001),
one finds x(w)~ F(w)/G(w), where x(a) is the Fourrier-image of the bead displacement and F() is that of the applied
force. According to the Einstein relation the diffusion coefficient takes the form D(w) ~ iwkyT/G(w). Analogous to the

previous case, one finds the estimate for the osmotic resistive force in the frequency-dependent regime:

Frogm (@) ~ cR* x(0)\[kg TG(0) (8)
So far no theory exists describing effect of osmotic force on microrheological experiments. The ideas leading to the

estimates Eq. (6)-(8) will be used in the present project to describe the effect of the osmotic force on the microrheological
experiments.

Goals

The aim of this project is to develop a theoretical framework for the description of microrheological experiments
in which components of a complex fluid move by self-diffusion, rather than hydrodynamically. I will develop the model
outlined above both analytically and numerically. I will extend it to account for the case of the medium with internal
degrees of freedom giving rise to the frequency-dependent shear modulus and diffusion coefficient. I will finally apply this
model to the actin solution to explain the experiments described above. In this case, in addition to the analytical and
numerical calculations I will analyze the actin gel using molecular dynamics simulations (in collaboration with D. Pink, St.
Francis Xavier University, Canada).

In this project I address the following questions:

e How does a bead move through a complex fluid in which at least one of its components exhibits a self-diffusive
motion?

o  What is the effect of the osmotic force on the bead motion at the early stage of motion (high frequencies), if the
complex fluid is characterized by a frequency-dependent shear modulus?

e What is the effect of the osmotic force during the microrheological measurements in actin gels?

e How the variation of concentration of salt or of divalent cataions (such as Ca™) in the actin gels influences the bead
motion?

e How does an enforced motion of a single actin filament through the actin gel take place?

e  What is equation of state of the actin gel?

Working Plan

1. Enforced motion of the bead through a self-diffusive medium.

I will develop the theory of the osmotic force in a medium in which the motion of its components takes place by the
way of self-diffusion. In the one-dimensional case this problem can be solved exactly, while in the 2- and 3-dimensional
cases | will look for approximate analytical solutions. I will further solve the 2- and 3-dimensional problem numerically in
order to check the approximation. The later will be performed using the finite element method (the software FEMLAB).

2.  Osmotic force in a medium with the frequency-dependent shear modulus.

In this project I will study the bead motion inside the medium whose shear modulus is frequency-dependent. I will deduce
the osmotic force in this case and analyze regimes of the bead motion. I will apply the results to the case of the actin gel.
Equations of motion of the complex fluid in this case is the so-called two-fluid hydroelastodynamics depending on the
concentration of the actin component introduced in the papers of Levine and Lubensky (Levine and Lubensky 2000; Levine
and Lubensky 2001). They assumed the concentration to be a constant. In this project I will go beyond this restriction: I
will assume that in addition to the two-fluid equations of the hydroelastodynamics, the concentration obeys the diffusion
equation. I will solve these equations and find the influence of the diffusive mode on the bead motion.

3. Enforced motion of the bead through the actin gel

Application of the osmotic model to the actin gel assumes that the motion of the filaments in front of the bead is mostly
self-diffusive. We need however to check the validity of this assumption and to establish what type of processes occure
during the enforced motion of the bead through the actin gel. For this purposes we need to perform molecular dynamic
simulations of the enforced motion of the bead through the actin network. A program enabling such a simulation has been
recently developed, in collaboration with my group, by professor D. Pink (St. Francis Xavier University, Canada). The
program is based on the method of Dissipative Particle Dynamics. The latter is a minimal model enabling one to describe
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such a system as the actin filaments embedded into water. The model has the strong advantage of correctly simulating the
motion of water through the actin gel.

The program has been written, and the first preliminary results have been obtained which enable us to be sure that it
works. The next step will be to run the program in various regimes corresponding to experimental situations and to analyze
the results.

The program is designed in such a way that it describes the actin gel and a bead immersed in water. To study the bead
motion the calculations will be done several times with different initial configurations of the filaments. Then averaging
over the initial configurations will be performed. This procedure will be repeated for different concentrations of the
filaments in solution to study dependence on the density.

4. Effect of the salt and divalent ions on creep.

The program accounts for the interaction between the actin molecules via the screened electrostatic interaction, the
hydrogen bonding and hard-core repulsion. The variation of the salt concentration can be accounted for through the
variation of the Debye radius which will result therefore, in variation of the interaction of filaments and may influence the
creep behavior.

Few regimes with realistic parameters will be chosen and simulations of the creep experiments with various values of
the Debay radius will be performed. In this way we will find out the effect of salt on the micromechanical response of the
gel.

Divalent ions are known to cross-bridge charged filaments under physiological conditions. We expect that this will
influence the micromechanical response of the gel.

Accounting for the divalent ions will require some changes in the code. We will run the simulation of the system
described above in the presence of the divalent ions of different concentration.

5. Enforced motion of the filament through the actin gel: the analytical approach

I propose to consider the actin filament moving along the reptation tube in the actin gel as a chain moving in a
randomly corrugated tube. In this way I will account for the random spatial structure of the gel. As it was shown by
simulations (Hunter and others 1999), one should expect that in this case the viscous friction coefficient will depend upon
the normal force (i.e. the force that presses the chain against the tube wall). The latter is in this case the undulation force
(analogous to the Helfrich repulsion force in biomembranes (Helfrich and Servuss 1984)). This approach will enable me to
describe the amplification of the viscous friction of the actin gel and in this way to fill the gap between the previous
theoretical predictions and experimental observations (Dichtl and Sackmann 1999).
6. Enforced motion of the filament through the actin gel: the molecular dynamics simulation

By minor changes of the code we can describe an actin filament which is pulled through the gel when a force is
applied to its end. By running the simulations with varying concentrations of the filaments in the gel on one hand and the
length of the filament of response on the other hand we will understand the behavior of the filament during its enforced
reptation.
6. Equation of state of the actin gel

The equation of state of the actin gel can be obtained by variation of the concentration of filaments and the
temperature provided the volume is constant and by calculation of the pressure of the actin filaments on the walls.

Outlook
A challenging direction of further research is the study of the micromechanics of a complex fluid in which biochemical
reactions take place during bead motion. A microrheology of a cross-linked actin gel is a problem of this class. Some
microrheological experiments with cross-linked actin gels have already been done. They can be divided into two classes:
those in which the actin filaments are passively cross-linked (by such molecules as for example, a-actinin), or actively
cross-linked by molecular motors (such as for example, myoslin V) in the presence of ATP.
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A. Boulbitch

Statement of Teaching Interests
I'like to teach and consider teaching and research as complementary aspects of scientific life. Each step in teaching possesses
the significance of being real work with real people. It gives us a unique chance to share our vision of the world with others. 1
noticed that discussions with my students stimulate my scientific activity.
I have experience in teaching on both undergraduate and graduate levels. Basing on this experience I think that teaching of
undergraduates is as important as that of graduates, since their basic knowledge is formed on this stage. In addition during this
period the undergraduate students may be involved in the research activities. I believe that the earlier the students are involved in

research, the better training they receive.

My students like my lectures. In the course of my lectures at the Technical University Munich I was evaluated by graduate
students. Such evaluations in Germany are graded between 1.0 and 6.0, where the best note is 1.0. [ received the grade 1.6 with
the remark “Taught in this way, theory is a real pleasure”. My high standard of teaching was also recognized by the faculty. This

was the prerequisite for obtaining my Habilitation in Theoretical Physics in 2001.

I am ready to teach any course for undergraduates offered by the Department of Physics of the Indiana University.
However, I would be most efficient in teaching classes related to

e Solid State Physics

e  Continuum Mechanics,

e  Thermodynamics and Statistical Physics

e  Physical Kinetics and

e  Biological Physics

which are most close to my experience.

I have also experience in teaching Mathematics for undergraduates (see the Appendix below).

Recently I gave several theoretical courses for graduates-experimentalists. These students are well motivated but often lack a
necessary knowledge of Mathematics. Therefore, apart from conveying information, my courses had additional intents. One aim
was to make the students understand and appreciate existing theoretical approaches, so that they would be able to understand the
main ideas contained in research publications. To achieve this, I chose theoretical papers which could be of use in helping them
understand their own experiments. For example, I used some aspects of the paper Seifert, Adv. in Physics 46, 13 (1997) during
my classes on vesicles, Brochard and De Gennes, PNAS 99, 7854 (2002) during the classes on specific adhesion of membranes,
a part of the paper Prost et. al., Eur. Phys. J. B 1, 465 (1998) during the lecture on Helfrich repulsion and the paper Merkel et. al.
Nature 397, 50 (1999) to discuss the enforced unbinding of molecules. I use also other recent papers.

I think that in order to be understood by students, the courses should use the most simple mathematics compatible with the
subject. I use dimensional analysis, scaling considerations, and estimates, wherever possible. The courses I gave were oriented

towards discussions of applications, rather than towards discussions of theories.

As a method of teaching I propose to use the “Mathematica” software wherever possible.

First, this is efficient for the purposes of visualization of lecture material.

Second, it is important to teach students to use such a software for solving problems. In a simplest case this can be
achieved by making a collection of problems that could be solved from the beginning to the end within the Mathematica. They
can be made available for students by placing on the web in a form of the Mathematica files.

The most efficient method would be in combining lectures with “laboratory” classes in which students will solve problems
using “Mathematica” software in an interactive mode. Each such a session can be started with a short “talk and chalk” discussion

of problems and approaches of their solution using Mathematica, and continued by each student working at his/her terminal with
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Mathematica files prepared for this purpose. In order to teach these laboratory classes a classroom equipped with personal
computers and a license for Mathematica software (“Mathematica 4.1 for students”, $85 per PC) installed on them are necessary.
In addition such an interactive Mathematica course can be placed on the web and utilized for distance education. This will

require a so-called “webMathematica” package (webMathematica 2 Pro, $ 9500). Maple can be used instead of

Mathematica, if necessary.

This idea is based on my own positive experience with such classes (shortly described in the Appendix).

Courses for graduates I could offer:

I propose to introduce a course for graduates entitled “Modern biological micromechanics”. It will contain introduction
to cutting edge results concerning the micromechanical properties of biological objects ranging from the level of a single
macromolecule up to the cellular scale.

This course would be based mainly on the material that I have used for courses that I have already given at the Technical
University Munich as well as my own scientific work. It will be however, considerably modified by including both the most

exciting recent results such as the manipulation of single molecules.

Modern biological micromechanics

* Theoretical background of modern methods used in micromechanics: AFM, optical and magnetic tweezers, micropipettes,
passive and active microrheology.

¢ Manipulations with single molecules. Mechanical properties of a single DNA molecule, enforced unfolding of a protein,
enforced unbinding of a ligand receptor bond, manipulations with motor proteins, manipulations with a single semiflexible
polymer: filamentous actin molecules and microtubules.

¢ Multiple molecular bonds. Specific adhesion of biomembranes. Enforced unbinding of multiple bonds.

¢ Introduction in mechanical properties of vesicles and cells: vesicles and red blood cells, fibroblasts and endothelial cells,

bacteria.

Below I give the titles of two other courses for graduates related to my scientific experience which I could also propose:
1. Introduction to physics of soft matter: liquid crystals, polymers, membranes

2. Introduction to phase transitions in solids: superconducting, ferroelectric and ferromagnetic transitions.

Appendix: Teaching Experience
1. Courses

1998-2003 I taught four 1-semester courses for graduates at the Technical University Munich entitled

1. Micromechanics of Biomembrane
2. Gels and biogels
3. Mathematical analysis of enzymatic reactions

4. Basics of Bioadhesion

The characteristic common to these courses is that they are all related to scientific problems on which the
Department is focusing. I gave a basic knowledge of the subjects and discussed the most recent results so as to

enable the students to appreciate the challenges and the excitement of research at the cutting edge.
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1995/1996

1991/1992

1990

I gave a 2-semester course in Biophysics accompanied by Computer classes for undergraduates at the

Department of Physics of Rostov University, Russia. The Computer classes taught the students to
perform computer analyses of problems concerned with the course.

I gave a 2-semester course (192 hours) in Mathematical Analysis and Calculus for 2" year undergraduates
at the University of Picardie (Amiens, France) during my work there.

I gave a 1-semester course in “Bifurcations of Nonlinear Equations for Physicists” at the
Department of Physics, Rostov University (Russia) for undergraduates. The aim was to teach students to apply

simple methods of analysis of bifurcations of nonlinear equations.

2. Supervision of students

I like to work with students and have the experience of supervision the research of PhD students as well as of involving of

undergraduates in my research area.

1996-1993

1988-1991
1986-1990

I was a co-adviser (together with Prof. E. Sackmann) of 4 PhD students-experimentalists (the theses are defended)
and the adviser of one PhD student-theorist (the thesis is in preparation)
I was as adviser of the PhD Thesis (defended in 1991, Rostov, Russia)

I supervised the research of 4 diploma students and 3 postgrads.



