Plenary Lectures

PL1
Physics confronts Biology: DNA interactions
in the test tube, the virus, and the cell
Adrian Parsegian
Laboratory of Physical and Structural Biology, National Institute of Child Health and
Human Development, NIH, Bethesda, MD 20892-0924
301 496 6561 (office), 301 496 2172 (FAX), parsegia@mail.nih.gov

Taking DNA-DNA and DNA-protein interactions as a theme, I will describe intriguing
physical phenomena that go with DNA storage, reading, and expression. At issue are the
powerful forces encountered in molecular packaging and association. These forces not
only create specific, functionally essential associations but also reveal connections
between the actions of large molecules and the smaller molecules that control them.
These connections and their consequences confront us with good questions that invite the
joint efforts of physicists and biologists.
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Bio-Functional Supramolecular Interfacial Architectures for Biosensing

Wolfgang Knoll
Max Planck Institute for Polymer Research, Ackermannweg 10, 55128 Mainz, Germany,
Tel.: +49 6131 379 160, Fax: + 49 6131 379 360,
Email: knoll@mpip-mainz.mpg.de

This seminar summarizes some of our efforts in designing, synthesizing, assembling and
structurally and functionally characterizing bio-active surface coatings based on the selforganization of supramolecular systems into the desires architectures.
For the construction of surface layers for the detection of hybridization reactions (PCR)
between a surface-attached oligonucleotide catcher probe strand and complementary target
sequences from solution we use a generic binding matrix based on the biotin/ streptavidin
affinity system. Similar design principles are also employed for the preparation of surfaces
for protein binding studies.
The final system that we will discuss in some detail concerns the fabrication of so-called
tethered lipid bilayer membranes. We will show that this novel system can be built-up
with structural and functional properties comparable to the best model membrane known –
the bimolecular lipid membrane (BLM), but with the robustness needed for practical
applications in bio-sensor and membrane chip development.

PL3
Optical Explorations of Single Molecules In Vitro and In Vivo
W. E. Moerner
Department of Chemistry and Biophysics Program
Stanford University, Stanford, California 94305-5080 USA
Phone: 650-723-1727, Fax: 650-725-0259, wmoerner@stanford.edu

Over the past decade, single-molecule fluorescence techniques have been used to
explore heterogeneity, kinetics, local orientations, energy transfer, and other effects in a
variety of biological environments. The single-molecule approach provides a tool to sense
local nanoenvironments that complements and extends conventional bulk ensembleaveraged measurements. Since typical single-molecule fluorophores are on the order of ~
1 nm in size (with autofluorescent proteins an exception), and detecting the state of the
single molecule allows exploration of the interaction of the molecule with its immediate
neighbors in the material or biomolecule. The methods used in these studies cover a
range of fluorescence microscopies, and the variables extracted have been position,
brightness, polarization (orientation), lifetime, fluctuations, spectra, and degree of Förster
resonant energy transfer or quenching.
A key challenge has been to extend these studies to the difficult environment of
living cells, and investigators worldwide have attacked this problem in a variety of ways.
By extrinsic labeling of an antigenic peptide, we have explored the diffusion of single
copies of major histocompatibility complexes of type II (MHCII) in the membranes of
CHO cells [1], with recent emphasis on the effects of cholesterol. Observation of the
emission from single copies of a YFP fusion protein has enabled study of the localization
processes of a regulatory histidine kinase in bacteria [2].
While such studies do indeed observe a single fluorescent object, the
measurements are often diffraction-limited, and there is great interest in biological studies
to overcome this limitation. A variety of near-field optical imaging approaches have been
explored over the years, such as metal-coated optical fiber tips, metallic tips, colloidal
metal particles, and metallic arrays. In our recent work [3], single metallic “bowtie”
nanoantennas consisting of two opposing tip-to-tip Au triangles have been fabricated with
triangle lengths of 75 nm and gaps ranging from 16 nm to 488 nm. For light polarized
along the line between the two triangles, the plasmon scattering resonance first blue-shifts
with increasing gap, and then red-shifts as the particles become more and more uncoupled,
while perpendicularly polarized excitation shows little dependence upon gap size.
Calculations show the optical intensity in such structures is enhanced by factors in the
range 500-1500. The prospects for using such controllably fabricated structures for
nanoscale imaging, enhanced fluorescence and Raman scattering will be discussed.
[1] M. Vrljic, S. Y. Nishimura, S. Brasselet, W. E. Moerner, and H. M. McConnell,
Biophys. J. 83, 2681-2692 (2002).
[2] J. Deich, E. Judd, H. M. McAdams, and W. E. Moerner, submitted.
[3] D. P. Fromm, A. Sundaramurthy, P. J. Schuck, G. Kino, and W. E. Moerner, Nano
Lett. nl049951r (published online 25 March 2004))
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Can we model DNA dynamics at the mesoscale?
Michel Peyrard
Ecole Normale Superieure de Lyon, 46 allee d'Italie, 69007 Lyon, France
Phone: +33 4 7272 83 74, Fax: +33 4 7272 8080
Email: mpeyrard@ens-lyon.fr
When they proposed the famous structure of DNA, Watson and Crick supported their
analysis by building a model of the molecule. One may wonder whether this approach,
which has been so fruitful for the static case can also be used to investigate the dynamical
properties of DNA, which are so important in many biological processes.
Although molecular dynamics and computers have made tremendous progress, all-atom
simulations of DNA are still restricted to a few tens of base pairs, and a few nanoseconds.
To study most of the biological processes it is necessary to model DNA at a larger scale.
While such models may look simpler because they do not carry all the fine details of the
molecule, their design raises difficult challenges: how to select the degrees of freedom that
must be included, how to determine the interaction potentials between the components of
these models at a mesoscale, larger than the atomic scale, but still small enough to
describe the biologically relevant properties of DNA ?
The talk will review some mesoscale DNA models and discuss their connection with
experiments, which requires not only the study of their nonlinear dynamics to describe the
large amplitude motions of DNA, but also the investigation of their statistical physics
properties because the thermal fluctuations cannot be ignored. Single molecule
experiments and the progress of experimental biology provide precise data which can be
used to test and improve models which have helped us understanding some of the
fascinating physical properties of DNA. Recent results suggest that their relevance for
biology is quickly growing.

PL5
Functional Holography of Neuronal Networks Activity
Itay Baruchi (1), Vernon L. Towle (2) and Eshel Ben-Jacob (1), ∗
(1)

School of Physics and Astronomy,Raymond &Beverly Sackler Faculty of Exact
Sciences,Tel-Aviv University, Tel-Aviv 69978,Israel. Phone: +972 3 640 7845,
Fax: +972 3642 5787, Email: eshel@tamar.tau.ac.il
(2)
Department of Neurology MC-2030The University of Chicago5841 South Maryland
Avenue Chicago, IL 60637

A research methodology toward revealing the underlying functional connectivity and information
processing motifs of brain activity is to construct connectivity networks from parallel multi-location
recording and evaluate the corresponding activity-correlation (coherence) matrices. Our new functional
holography method was developed from the perspective of cultured networks, yet is also applicable for
the analysis of slices and cortex recorded activities and other correlation matrices. We present a new
approach for analyzing multi-channel recordings such as ECoG (electrocorticograph) recordings of
cortical brain activity and of individual neuron dynamics in cultured networks. The common approach is
to evaluate the matrix of correlations between the recorded activities (inter-channels correlations).
Ordinarily such matrices are mapped onto a connectivity network between the channel positions in real
space (their locations in the cortex). Here the correlations are normalized by the correlation distances –
Euclidian distances between the matrix columns. We then project the N-dimensional (for N channels)
space spanned by the matrix of the normalized correlations, or correlation affinities, onto a
corresponding 4-D manifold (3-D Cartesian space constructed by the 3 leading principal vectors of the
principal component algorithm + time ordering of the activity). The neurons are located by their
principal eigenvalues and linked by their original (not-normalized) correlations. The holograms reveal
hidden causal motifs, like the co-existence of functional sub-networks in the space of affinities, which
might be connected with the initiation of seizures. Studies of coupled cultured networks hint that the
neuro-glia fabric provides the ‘photographic film’ for the holograms and that their generation and
retrieval is sustained by chemical waves generated by the glia cells acting as excitable media.
Fig1: Functional hologram for cultured network
activity. The circles are locations of neurons in the
3-D manifold. The colors indicate the relative
temporal ordering (from blue to red).
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Fig2: Results of functional holography for brain
activity - Inter-Ictal (left) and Ictal (right).
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∗
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Single-DNA translocation experiments
Cees Dekker
Kavli Institute of Nanoscience, Delft University of Technology
Lorentzweg 1, 2628 CJ Delft, The Netherlands; email: dekker@mb.tn.tudelft.nl
From our background in nanotechnology (in particular carbon nanotubes) our group has started a number of
single-molecule biophysics experiments. I will briefly outline some of our activities and present in detail two
examples that both deal with DNA translocation.
1. Translocation of DNA molecules through solid-state nanopores
Single nanometer-sized pores (nanopores) embedded in an insulating membrane are an exciting new class of
nanosensors for rapid electrical detection and characterization of biomolecules. We have developed a new
technique for fabricating siliconoxide nanopores with single nanometer precision and direct visual TEM
feedback. These pores can translocate double-strand DNA. By monitoring the conductance of a voltagebiased pore, we detect molecules with a length ranging from 2000 to 96000 base pairs. We find that the
molecules can pass the pore both in a straight linear fashion and in a folded state. We find a power-law
scaling of the translocation time versus length, with an exponent of 1.26. This behavior is qualitatively
diiferent from the linear behavior observed in similar experiments performed with protein pores. The
observed nonlinear scaling can be understood from a theoretical model where the hydrodynamic drag on the
section of the polymer outside the pore is the dominant force counteracting the driving. We derive a powerlaw scaling with an exponent of 1.18, in excellent agreement with our data.

2. DNA Translocation by the Type I Restriction-Modification Enzyme EcoR124I
We report the first single-molecule study of DNA translocation by Type I restriction enzymes.
Understanding the motor functions of these particular enzymes will help elucidate the currently unknown
mechanisms of DNA translocation. With magnetic tweezers we observe single translocation events of
EcoR124I that reveal a highly dynamic process of termination and reinitiation of translocation involving
disassembly and reassembly of the enzyme. A mean translocation rate of 550 ± 30 bp s-1 was measured for a
single motor subunit. By using torsionally constrained DNA molecules, we observe that the translocation
occurs along the helical pitch of the DNA molecule.
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PL7
Cell Growth is Quantal
Kendall A. Smith
The Division of Immunology, Department of Medicine, Weill Medical College of Cornell
University. (212) 746-4608, (917) 294-5623, kasmith@med.cornell.edu

Background: Highly variable cell cycle times among individual cells comprising a population of
genetically identical cells has been found in all cell populations examined over the past 70 years.
From the earliest experiments performed with bacteria, to subsequent studies on yeast, protozoan,
avian, and mammalian cells, all cell populations behave similarly with respect to division rate:
individual cell cycle times follow a normal distribution when examined as a function of division
rate.
Methods: In experiments performed 20 years ago [1] a reductionist approach focused on the
critical determinants of T lymphocyte (T cell) cycle progression was possible for the first time.
Using synchronized cloned T cells, homogeneous immunoaffinity-purified T cell growth factor
(Interleukin-2; IL2), radiolabeled IL2, monoclonal antibodies reactive with both IL2 and it’s
receptor (IL2R), and the flow cytometer, which allowed analysis of individual cells, quantitative
and qualitative assessments of cell growth were performed.
Results:
The T cell growth response to IL2 follows a symmetrically sigmoid log-dose response curve, with
IL2 concentrations that range from 1 pM to 100 pM. As well, the IL2 concentrations necessary to
bind to IL2Rs are coincident with those that promote T cell cycle progression (i.e. Kd = EC50 = 10
pM). Thus, the rate-limiting step in IL2-stimulated T cell growth occurs at the interaction of IL2
with its receptor. In a synchronized cell population, the rate of entry of individual cells into the cell
cycle is directly related to the concentration of IL2. Moreover, the IL2R expression by individual
cells within a population follows a gaussian distribution. Accordingly, if the rate-limiting step
controlling T cell growth is the IL2/IL2R interaction, cells with lower IL2R density should take
longer to transit the cell cycle. The separation of a synchronized T cell population into two
subpopulations on the basis of receptor density yielded the expected results. It follows that the IL2
log-dose response curve is explicable by the log-normal distribution of IL2Rs: those cells with the
highest density of IL2Rs would be expected to respond to the lowest IL2 concentrations and vice
versa.
Conclusions: All of these observations are consistent with the idea that there is a definite number
of IL2/IL2R interactions that must occur before the cell makes the quantal, irrevocable decision to
replicate DNA and to undergo cytokinesis. Thus, the IL2R functions as both a “switch” and a
“timer” in generating the biochemical signals that are transmitted through the cytosol to the
nucleus. Reports have accumulated over the past decade that now provide for a biochemical
explanation as to how the signals generated at the membrane via the IL2/IL2R interaction result in
surpassing the threshold in late G1 that has been termed the “R-point”, and as well, the threshold at
the onset of DNA replication, as well as mitosis. At each threshold, a definite number of molecules
appears to control the decisions.
[1] Cantrell, D. and K.A. Smith. Science 224,1312 (1984)
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High Density Optical Fiber Microarrays

David R.Walt
Department of Chemistry, Tufts University, Medford, MA 02155, USA.
Phone: +1 617 627 3470, Fax: +1 617 627 3443, Email: david.walt@tufts.edu

Abstract
Coherent imaging fibers can be used to make fiber-optic chemical sensors. Sensors can be
made with spatially-discrete sensing sites for multianalyte determinations. Micrometerand nanometer-sized sensors have been fabricated by etching the cores of the optical
imaging fiber to create wells and loading them with micro and nanospheres. Such arrays
can be employed for making genosensors with high sensitivity and reproducibility for
detecting extremely low target copy numbers and to identify different strains of
microorganisms. The arrays also can be employed for creating functional sensors using
the principles of the olfactory system. The fiber architecture can also be configured to
form an array of optical traps for making dynamic measurements.

PL9
Long Rang Charge Transport in DNA
Joshua Jortner
School of Chemistry, Tel Aviv University, Ramat Aviv, Israel.
Phone: +972-3-6408322; Fax: +972-3-6415054; e-mail: jortner@chemsg1.tau.ac.il
Abstract
DNA-based molecular electronics devices are expected to utilize the unique features of
recognition, assembly and specific binding properties of nucleobases, with the DNA duplexes
serving as building blocks or templates for the assembly and function of electronically active
nanoelements. Neat, undoped DNA constitutes a ‘vibronic molecular wire’, where charge
hopping between localized states prevails. The charge hopping mechanism in DNA is
described in terms of the quantum mechanical nonadiabatic electron transfer theory, with the
ingredients of electronic (direct exchange or superexchange) coupling, and nuclear coupling
with low-frequency intermolecular and medium modes, together with high-frequency modes.
Individual hole hopping processes, based on the concept of energetic control, involve unistep
superexchange mediated hopping and thermally induced hopping, which provide the
conceptual framework for bridge specificity of very long-range hole transport in DNA on the
basis of our ‘molecular polaron’ model. Hopping incoherent transport in DNA will be
confronted with band transport in synthetic polymers.
References:
[1] M. Bixon and J. Jortner, Adv. Chem. Phys. 106, 35 (1999).
[2] J. Jortner, M. Bixon, T. Langenbacher, and M.E. Michel-Beyerle, Proceed. Natl. Acad.
Sci. USA 95, 12759 (1998).
[3] M. Bixon et al., Proceed. Natl. Acad. Sci. USA 96, 11713 (1999).
[4] M. Bixon and J. Jortner, J. Phys. Chem. 104B, 3906 (2000); J. Phys. Chem. 105A,
10322 (2001); J. Am. Chem. Soc. 123, 12556 (2001); Chem. Phys. (in press).
[5] A.A. Voityuk, N. Rösch, M. Bixon, and J. Jortner. Chem. Phys. Lett. 324, 430 (2000);
J. Phys. Chem. 104B, 5661 (2000); J. Chem. Phys. 114, 5614 (2001).
[6] J. Jortner and C.N.R. Rao. Pure and Applied Chemistry 74, 1491 (2002).
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Spectroscopic Imaging in Medicine – Diagnosis and Commercialization
Ian C.P. Smith
Institute for Biodiagnostics, National Research Council,
Winnipeg, Canada R3B 1Y6, Telephone: 1 204 983 7526,
Fax: 1 204 984 6978, E-mail: ian.smith@nrc-cnrc.gc.ca
Aim: This talk will demonstrate the opportunities for physicists to find new research
challenges, to make breakthrough contributions to medical diagnosis, and to increase the
funding available for research, by focusing their attention on medical problems of
significant concern such as early diagnosis of disease.
Introduction: When we hear about the subject of medical physics, most of us think of
radiation protection, therapy and quality assurance. However, there is a much broader
range of applications of our everyday physical methods that is growing daily. These
applications provide great challenge, and by definition are multidisciplinary. They are not
usually indicated to students as potential areas of employment after graduation. I will deal
mainly with spectroscopy and imaging, as well as the informatics base required for
analysis and interpretation. I shall indicate how technology was transferred to the
marketplace, and the benefits to the research community. Here are several examples.
Applications: 1. Use of Fluorescence Imaging to Assess the Quality of a Cardiac Bypass
In a cardiac bypass, a section of clogged artery is removed and replaced by a vessel taken
from another part of the body. Flow of blood is restarted, the chest closed, and the patient
observed to see how much improvement has been made. If the flow is not satisfactory,
another surgery and graft must be performed. On the other hand, if a fluorescent protein is
injected into the artery just before reflow, and the heart irradiated with a low power light
source, the flow of blood into the heart muscle may be monitored by a detector of
fluorescence. A flawed bypass may then be corrected immediately. This invention has
led to a product by the company Novadaq, which has been distributed around the world.
2. Near Infrared Spectroscopy as a Monitor of Skin Condition Near IR
can penetrate several millimeters into skin, and be reflected towards the source without too
much loss of intensity. This reflected beam carries information about the tissue from
which it was reflected. This information can be analyzed automatically to distinguish
benign from malignant skin growths, the success of a skin graft, or the degree of
penetration of a burn, in particular distinguishing second from third degree. This
technology has been licensed to industry.
3. Surgical guidance via MRI An MRI taken before surgery is not always
useful during the operation, especially in neurosurgery. The field may be clouded by
blood, the image may be unrepresentative of the organ due to displacements, or the
location of a critical part of the brain may not be evident leaving it vulnerable to damage
from the surgery. MRI taken during surgery can overcome these problems, and such an
instrument is now marketed via the company IMRIS, Innovative Magnetic Resonance
Systems. A superconducting magnet is moved over the patient, the MRI taken, and the
magnet retired: all this in ten minutes.

PL11
Effectiveness in Brain Computation: How 'Atoms of Speech Perception' Can Arise
from a Simple Neural Circuit

J. J. Hopfield
Department of Molecular Biology, Princeton University
New Jersey, NJ 08544, USA
Phone: +1 609 258 1239
Email: hopfield@princeton.edu

Effectiveness in brain function is greatly enhanced by matching the neuron biophysics to a
needed computation. Action potentials are brief, and their timing can be used to represent
information and to compute (rather than using only their rate). Even simple integrate-andfire neurons or Hodgkin-Huxley neurons have usefully complex dynamics of action
potential timing in the presence of a coordinating weak oscillatory signal. Action potential
timing patterns can be very precise or chaotically variable, depending on the nature of the
time-dependent input signal. Information in timing can co-exist with information in firing
rates. These facts produce unexpected computing capability in a small amount of 'neural
hardware'.
I illustrate this potential computing power by showing a simple neural network that
specifically responds to brief particular dynamical patterns in natural speech. This class of
network defines sets of potential 'atoms of speech perception', short epochs of speech that
are much more readily recognized than others. These epochs are generally constanentvowel combinations rather than phonemes themselves. Exposure to speech of a particular
language selects and sharpens a subset of 'relevant atoms' through spike-timing-dependent
synapse plasticity. The problem of recognizing brief dynamical patterns is common to
other senses, including vision, touch, and olfaction.

PL12
Processive Motor Proteins and Stochastic Mechanochemistry
Michael E. Fisher
Institute for Physical Science and Technology
University of Maryland, College Park, MD 20742, U.S.A.
Tel: +1 301 405 4819, Fax: +1 301 314-9404; Email: xpectnil@ipst.umd.edu
Single molecule experiments can now measure the dynamics of motor proteins such as
kinesin and myosin V, which move processively under controlled loads along linear
tracks, microtubules and actin filaments, respectively, powered by the hydrolysis of ATP.
Particularly stimulating are recent observations of kinesin under vectorial loads, assisting,
resisting, leftwards, and rightwards [1, 2]. What may one hope to learn about the
mechanisms of the motion by analyzing the measured velocities, randomness,
processivity, etc. on the basis of simple mechanochemical concepts and associated
stochastic theory? Substeps and other conformational changes may be revealed [3-6].
Research supported by the NSF (under Grant CHE 03-01101).
[1] M.J. Lang, C.L. Asbury, J.W. Shaevitz and S.M. Block, Biophys J. 83, 491-501
(2002)
[2] S.M. Block., C.L. Asbury, J.W. Shaevitz, and M.J. Lang, Proc. Natl. Acad. Sci. USA
100, 2351-2356 (2003).
[3] M.E. Fisher and A.B. Kolomeisky, Proc. Natl. Acad. Sci. USA 96, 6597-6602 (1999);
98, 7748-7753 (2001).
[4] A.B. Kolomeisky and M.E. Fisher, Physica A 279, 1-20, 284, 496 (2000);
J.
Chem Phys. 113, 10867-877 (2000).
[5] A.B. Kolomeisky and M.E. Fisher, Biophys. J. 84, 1642-1650 (2003).
[6] M.E. Fisher and Y.C. Kim, Biophys. J. 86, 527a, 2738-Plat. (2004).
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Plateaus and jumps in single-molecule biophysics experiments
David R. Nelson
Lyman Laboratory of Physics, Harvard University, Cambridge, Massachusetts 02138,
USA. Phone: +1 617-495-4331. Email: nelson@cmt.harvard.edu
The denaturation of double-stranded DNA as a function of force and
temperature is discussed. Under physiological conditions, sequence
heterogeneity dominates single molecule force-extension curves starting
about 7 piconewtons below a 15 pN unzipping transition. The dynamics of
the unzipping fork exhibits anomalous pauses and jumps in a similar range
above the transition. Although reminiscent of the stops and starts
associated with DNA replication and repair, the jerky motion in this case
arises entirely from sequence heterogeneity in a defect-free duplex. We
compare energy landscapes for unzipping the DNA of viruses which infect
E-coli, and find that energy barriers typically scale as the square root
of genome size. Recent observations of jumps and plateaus in the
unzipping of lambda phage DNA at constant force in the laboratory of Mara
Prentiss[1] are consistent with these ideas. Similar energy landscapes are expected
together with anomalous drift and diffusion for certain molecular motors near the stall
force.
[1] C. Danilowicz et. al. PNAS 100, 1694 (2003).
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The Energy Landscape and Dynamics of Proteins

Hans Frauenfelder
Theory Division, T10, MS K710, Los Alamos National Laboratory, Los Alamos NM
87545, USA.
Tel. +1 505 665 2547. Cell +1 505 310 3429. Fax +1 505 983 7512.
frauenfelder@lanl.gov.

A major goal of biological physics it to establish concepts and laws that are valid for a
wide range of biological systems. The energy landscape (EL) may be the most important
concept for bringing order into the vast amount of information available on the structure,
folding, dynamics, and function of biomolecules. Biomolecules, in particular proteins, do
not exist in a unique conformation; they are able to assume a large number of different
structures, called conformational substates (CS). The EL, a construct in ≈ 3N dimensions,
describes the organization of the CS. N is the number of atoms forming a protein and its
hydration shell. A point in this hyperspace represents a particular conformation. A
conformational transition corresponds to a jump from one point to another one. Studies
using a broad array of techniques, from flash photolysis to X-ray diffraction, Mössbauer
effect, and neutron scattering, have shown that the EL of proteins is organized in a
hierarchy of tiers. Different tiers have different functions. The top tier, denoted by CS0,
consists of a small number of taxonomic substates, with measurably different structures
and properties. Within each CS0 reside a very large number of statistical substates, CS1.
Recent work has shown that the CS1 tier involves two rather different types of substates,
which we denote as CS1alpha and CS1beta. Transitions between the CS1alpha substates
are slaved to the dielectric fluctuations in the bulk solvent. They are absent in a solid
environment, their rate coefficients can be approximated by a Vogel-Tammann-Fulcher
relation, and they are similar to the alpha fluctuations in glasses. They involve large-scale
conformational changes and allow, for instance, the entrance and exit of ligands.
Transitions in the CS1beta are semislaved; they follow fast fluctuations in the protein’s
hydration shell and occur even if the protein is embedded in a solid, but they are reduced
or absent in dehydrated proteins. They are similar to the beta fluctuations in glasses and
can be approximated by an Arrhenius or a Ferry relation. They involve side-chains and the
hydrogen-bond network and permit processes such as the passage of ligands inside
myoglobin. The “dynamic transition” claimed to occur in proteins near Td ≈ 200 K is an
artifice; beta processes continue smoothly below Td. Some protein motions are
independent of the fluctuations in the bulk solvent and the hydration shell. All three
classes of motions, slaved, semislaved, and nonslaved, are relevant for the functions of
proteins. While the work so far has given some insight into the energy landscape of
proteins, we are probably not even at the state of the Bohr atom and much more
experimental, computational, and theoretical work will be needed before a consistent
picture of the dynamics of proteins emerges.
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Self-Replication in Synthetic Molecular Systems
Günter von Kiedrowski
Chair of Bioorganic Chemistry, NC2/171, Ruhr-University, 44780 Bochum, Germany
Tel.: +49-234-3223218, Fax: +49-234-3214355, Cellular Phone: +49-179-5075926,
E-mail: kiedro@ernie.orch.ruhr-uni-bochum.de

Recent years have seen considerable progress in the development of chemical selfreplicating systems. From a general point of view, self-replicating systems can be defined
as autocatalytic reaction systems capable of passing on structural information. The latter
requires a certain kind of autocatalyst, namely one which can act as a molecular template
in the autocatalytic event. A minimal representation of such an autocatalytic template
directed reaction is given by the reaction sequence A + B + C <==> ABC ----> C2 <==> 2
C, where C is a self-complementary template molecule, A and B its precursor constituents,
and ABC a termolecular complex which irreversibly reacts to give C2, a template
duplex.[1] The above scheme was applied to achieve nonenzymatic self-replication of
oligonucleotides, peptides, and small synthetic replicators. Typically, the rate of
autocatalytic template synthesis depends on the square-root of the template concentration.
Thus, the autocatalytic growth observed is not exponential, but parabolic. I report on the
peculiarities of parabolic growth and its implications for molecular evolution. I show that
parabolic growth is also typical for more complex reaction systems in which template
autocatalysis and cross-catalysis occurs with product inhibition.[2,3] More recently,
strategies for exponential replication have been developed[4] and it seems now possible to
approach exponential amplification in various classes of template molecules including
even ligase ribozymes. Surprizingly however, exponential growth, which is a prerequisite
for the evolvability of replicators competing in solution, seems not to be a prerequisite for
the evolvability of replicators spreading on surfaces.[5] Experiments answering the
correctness of this prediction are a matter of ongoing investigations.
Current research in our lab is laying a focus on the utilisation of chemical replication for
the copying and amplification of spatial arrangements in self-assembling hybrid
nanoconstructs.[6-7] Such constructs may be based on tensegrity scaffolds (e.g. DNA
tetrahedra) programming the localisation of covalently attached functional modules (e.g.
peptides and inorganic nanoclusters). Another direction seeks to couple template selfreplication with membrane formation following some ideas outlined in Ganti’s Chemoton
theory.[8]
[1] G. von Kiedrowski, Angew. Chem. Int. Ed. Engl. 25, 932 (1986).
[2] D. Sievers, G. von Kiedrowski, Nature, 369, 221 (1994).
[3] B.G. Bag, G. von Kiedrowski, Pure Appl. Chem. 68, 2145 (1996).
[4] A. Luther, R. Brandsch, G. von Kiedrowski, Nature 396, 245 (1998).
[5] G. von Kiedrowski, E. Szathmary, Selection 1, 173 (2000).
[6] L. Eckardt et al., Nature 420, 286 (2002).
[7] G. von Kiedrowski. Pure Appl. Chem. 75, 609 (2003).
[8] T. Ganti: The Principles of Life. Oxford University Press, 2003.
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Fifteen years ago, how proteins folded into organized structures on the basis of their
sequence was a great mystery. By characterizing the energy landscapes of proteins with
tools from the statistical mechanics of disordered systems like spin glasses, a new view of
the folding process became possible. Energy landscape theory provided an incentive to
pursue heroic new experiments and to carry out difficult computer simulations addressing
protein folding mechanisms.
Many aspects of folding kinetics revealed by these studies can be quantitatively
understood using the simple idea that the topography of the energy landscape is that of a
rugged funnel.
Energy landscape theory provided a quantitative means of characterizing which amino
acid sequences can rapidly fold. Algorithms based on energy landscape theory have been
used to successfully design novel sequences that fold to a given structure in the laboratory.
Energy landscape ideas have begun to transform the prediction of protein structure from
sequence data from being an art to being a science. The success of energy landscapebased algorithms in predicting protein structure from sequence will be highlighted. While
there is still much to learn about folding mechanisms and much work to do achieving
universally reliable structure prediction, many parts of what used to be called ³the protein
folding problem² can now be considered solved.
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Hierarchical thermodynamics: According to the textbook description of polymer
science, a single polymer chain undergoes continuous transition, i.e., coil-globule
transition. Contrary to this, recently it has become clear that individual giant-DNA
molecules exhibit large discrete transition between elongated coil and folded compact
states [1-3]. It is shown that, in general, the folding transition of semi-flexible polymers is
discrete on the level of single chains, whereas the transition seems continuous on their
ensemble.
Effect of charge: Semi-flexible polyelectrolytes, such as giant DNA, exhibit on/off
folding transition accompanied by the complete charge neutralization on the volume part.
When the charge neutralization is incomplete, intrachain phase-segregated structure, or
pearling, appears [4,5].
Irreversibility on folding/unfolding transition: The discreteness on the conformational
change implies that the transition is first-order phase transition in terms of Landau’s
criterion and that the compact state shows polymorphism [2,5,6]. In general semi-flexible
single polymers show marked hysteresis on the transition.
How does macromolecule work in biological systems? : The above mentioned unique
characteristics in single macromolecules concerns with the mechanisms of molecular
machineries and also self-regulation of genetic activity in living cells [6].
References: [1]K.Yoshikawa, et.al., Phys. Rev.Lett.,76,3029(1996). [2]H.Noguchi, et al.,
J.Chem.Phys., 109,5070(1998). [3]T.Iwataki, et al., J.Chem.Phys., 120, 4004 (2004). [4]
Y.Yoshikawa, et al., Eur.J.Biochem, 268,2593 (2001). [5] K.Yoshikawa, Adv.Drug
Delivery Rev., 52, 235(2001). [6]K.Yoshikawa, J.Biol.Phys., 28, 701(2002).
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Background/aim: Photopolymerization of light curing resins is a powerful method to
build structures of arbitrary shape with submicron resolution. We build and use such
structures to manipulate biological particles where the devices are also operated by light.
Methods: A method is described by which it is possible to apply and measure torque
directly on single biological macromolecules. It is based on the observation that flat
objects are oriented in an optical trap formed by linearly polarized light. The orienting
torque originates from the anisotropic scattering of polarized light by the trapped particle.
The phenomenon is characterized in detail, the physics is analysed. A tool is developed
that exploits this effect to manuipulate biological macromolecules.
Results: Microscopic particles are produced by photopolymerisation that exploit this
orientation effect and by which the torque is applied upon the biological object. In our
system the applied torque can be turned on and off, it is controlled independently of the
grabbing force of the tweezers during the manipulation process.
The capabilities of the method are demonstrated. Single DNA molecules and actin
filaments are pulled and twisted by laser tweezers. The torque is constantly monitored
during twisting. The torsional elasticity is directly determined and the dynamics of
twisting is readily studied.
Conclusions: The method has great promise for application on DNA, DNA-protein
complexes, actin filaments and other biopolymers.
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The biological role as well as the status of activity of a protein is intimately related to its three
dimensional structure which explains why protein folding is one of the major challenges in
biophysics. In order to describe the conformational dynamics of a protein a model has been
proposed in the literature which assumes a hierarchically structured potential energy surface for
the constituting nuclei and the contemporary picture is that protein folding occurs by a progressive
stabilisation of intermediates and substructures.
In order to shed more light on this issue, we have applied single-molecule spectroscopic
techniques to individual pigments embedded in a chromoprotein. A sensitive tool to monitor
structural fluctuations of the protein backbone in the local environment of a chromophore is
provided by recording the changes of the spectral positions of the pigment absorptions as a
function of time.
Here we report a study about the spectral
dynamics of the absorptions from individual
B800 BChl a molecules which are an intergral
part of the peripheral light-harvesting complex
(LH2) of the purple bacterium Rhodospirillum
molischianum. The data provide information
about the organization of the energy landscape
of the protein in tiers that can be characterized
by an average barrier height. In addition, a clear
correlation between the average barrier height
within a distinct tier and the time scale of the
spectral fluctuations is observed. The figure
summarizes schematically the essence of this
approach and its results.

C. Hofmann, M. Ketelaars, M. Matsushita, H.
Michel, T.J. Aartsma, J. Köhler,
Phys. Rev. Lett. 90 (2003) 013004-1.
C. Hofmann, T.J. Aartsma, H. Michel, J. Köhler,
Proc. Natl. Acad. Sci. USA 100 (2003) 15534.
C. Hofmann, T.J. Aartsma, H. Michel, J. Köhler,
New. J. Phys., (2004) in press.
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Escherichia coli reacts with a complex response to DNA damage or inhibition of DNA
replication. This response, termed SOS system, includes phenomena such as enhanced DNA repair
and mutagenesis, inhibition of cell division and prophage induction. The SOS system is
predominantly controlled by two proteins: LexA, a repressor protein of several unlinked genes and
the co-protease RecA. LexA is a dimeric protein of 202 amino acids (25 kDa) whose monomers
are linked by a flexible ‘hinge’ region. The COOH-terminal domains provide most of the contact
for dimerization. The NH2-terminal domains bind selectively to a certain DNA sequences, the socalled operator DNA. The operator consensus sequence (so-called SOS box) is a perfect 20 bp
palindrome, TACTGTATATATATACAGTA.
The sequence among different DNA binding motifs varies slightly, allowing for a variable
degree of repression from one gene to the other. As known to date LexA controls 31 genes with
slightly different DNA binding motifs allowing for a variable degree of repression from one gene
to the other. Based on the measured dissociation constant of KD= 2 nM between LexA and its
operator recA, by DNase footprinting, the dissociation constant between LexA and yebG was
predicted based on the calculated Heterology Index to be KD= 20 nM. The purpose of this study
here was to further characterize the binding mode and to quantify the interaction between LexA
and yebG by direct experiments.
Here, we employed AFM-based single molecule force spectroscopy to characterize the
interaction of LexA protein with two different DNA motifs: recA and yebG. In such experiments
one of the binding partners is covalently attached with polymeric spacer molecules to the tip of an
AFM cantilever, the other binding partner to a sample surface. The AFM-tip is brought into
contact with the surface and a specific bond between these two molecules is allowed to form.
Upon retraction the bond between the binding partners is increasingly loaded until it finally
ruptures. Both the stretching of the polymeric spacers and the rupture of the molecular complex
are recorded by measuring the deflection of the cantilever spring.
We measured the dissociation rates to be 0.045s-1 for recA and 0.13s-1 for yebG
respectively, which is in accordance with the predicted higher affinity between LexA-recA
compared to LexA-yebG. The widths of the binding potentials were determined to be 5.4±1 Å and
4.9±0.5Å respectively. Showing that modern techniques of single molecule force spectroscopy
allow a detailed elucidation of the binding mechanisms. Off-rates may be determined even where
only a few molecules are available and, more important, for the first time a measure of the width
of the interaction potential has become available.
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Nanoparticles of DNA shielded by charged polymers are promising alternatives to natural
virus systems in gene therapy. Single Particle Tracking of individual nanocarriers with
sensitivities down to the single molecule detection limit is an important tool for the study
of nanoparticle transportation processes in living cells. However, in order to obtain a
complete picture of the transfection process, the particles' trajectories have to be analyzed
in the context of the complex cellular structures. Due to its high axial resolution which
allows for three dimensional reconstruction of labeled cell organelles, confocal
microscope is the preferred method for visualizing these subcellular structures in three
dimensions. The confocal scheme is however not compatible with the widefield
microscopy setup usually employed in particle tracking experiments. Classical widefield
microscopy in turn does not offer sufficient axial resolution. We therefore use structured
widefield illumination as a method to overcome this disadvantage. With
this technique, fast switching between high resolution cellular imaging and particle
tracking with single molecule sensitivity becomes possible. The application of this setup
to studies of artificial virus diffusion in live cells is demonstrated.
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Background/Aim
Recent progress in imaging motions of individual single protein molecules in living cell
has been achieved with several single-molecular techniques and systems. Recently, we
succeeded in vitro time-resolved x-ray observations of picometer-scale slow Brownian
motions of individual protein molecules in aqueous solutions [1]. In this new single
molecular detection system, which we call Diffracted X-ray Tracking (DXT), we observed
the rotating motions of an individual nanocrystal, which is labeled to the specific site in
individual protein molecules, using time-resolved Laue diffraction. DXT can monitor
dynamics of the individual molecules or specific sites in individual single protein
molecules. Now, we try to observe individual DNA molecules, myosin head molecules,
folding process of denatured proteins, protein membranes and actin filament. In addition,
it is possible to observe in vivo observations of individual single protein molecules,
because there are no diffraction spots from living cell.
Method
In DXT, we used both white x-rays and quasi-monochromatic x-rays (energy peak-width
of 2%) using undulater radiations (BL44B2 and BL40XU, SPring-8) to record Laue
diffraction spots from gold nanocrystals. Photon flux at the sample position of BL44B2
was estimated to be about 1015 photon/sec/mm2 in the energy range of 7-30 kV. A
diffraction spot was monitored with an X-ray image intensifier (Hamamatsu Photonics,
V5445P) and a CCD camera (Hamamatsu Photonics, C4880-82) with 656 x 494 pixels.
The averaged exposure time was 100µsec.-1 msec.
Results and Conclusions
In DXT method, the fundamental phenomena are the relationship between the
biomolecules and labeled inorganic nanoparticles (gold nanocrystals). In this study, we
report propagated Brownian fluctuations of single nanoparticles that are specifically linked
to Actin filaments under several aqueous conditions. In these DXT measurements, the
observed motions of actin filaments in the presence of Mg2+ ions under the one-to-one
labeling reaction between the labeled gold nanoparticles and the cysteine sites in G-actin
are more condensed than those in the presence of Ca2+ ions. As a result, the obtained data
from DXT is in fair agreement with the known actin’s flexibility. In other words, the
fluctuations of the Actin filaments were precisely propagated to labeled single
nanoparticle through the single covalent bond. In addition, we got dynamical images of
the diffracted spots which are linked to denatured proteins, DNA molecules, and
Bacteriorhodopsin in purple membrane.
[1] YC Sasaki et al. Picometre-scale Dynamical X-ray Imaging of single DNA molecules:
PRL. , 87, 248102 (2001)
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Lipid membranes comprise a mechanical and energetic barrier for molecules to cross.
However, strategies have been evolved to enable substrate flux across this barrier with the help of
proteins forming e.g. selective ion channels and fusion or pore-forming proteins. Enveloped
viruses use both types of proteins for replication. We aim to understand the mechanism of function
of these proteins with minimalist design for application in bionanotechnology and biomedicine.
Currently Vpu from HIV-1 is used which is a small 81 amino acid integral type I membrane
protein with two phosphorylation sites [1,2]. It has a dual role in the viral life cycle, its
cytoplasmic part initiating CD4 degradation and its transmembrane (TM) part enhancing viral
release by forming ion channels [1,3,4].
In this study we focus on the TM part of the protein and using non-equilibrium molecular
dynamics (MD) simulations – steered MD – using Gromacs 3.1. Homomeric parallel aligned
tetrameric, pentameric and hexameric bundles are generated via XPLOR and embedded in fully
hydrated lipid bilayers resulting in about 20,000 atoms per simulation [1,4]. The ions are placed at
the C terminal end of the bundles and pulled with an artificial harmonic force potential at each
time step along the pore of the individual bundles towards the N terminal end.
The results address some of the pressing questions for ion channels formed by small
peptides: namely (i) how many TM segments form a functional channel and (ii) what is the ion
selectivity of this channel. The pentameric bundle shows the force profile for the ions which best
corresponds to experimental data. An approximately five fold higher force is necessary to pull the
anion (Cl-) through the pore than the cation (Na+), indicating the experimentally found week cation
selectivity of the channel. Tetrameric bundles do not distinguish between cation and anion in
respect of the force profile. Simulations on mutants reflect the role of serine as being involved in
ion selectivity.
As a conclusion, the results of the simulations are in agreement with experimental data and ought
to be easily transferred to investigate other ion channels. The pentameric bundle is confirmed to be
the most favourable bundle model and serine might play a role in ion selectivity of the channel.
[1] Fischer W. B.; Vpu from HIV-1 on an atomic scale: experiments and computer simulations.
FEBS Lett. (2003) 552, 39-46
[2] Cordes F. S., Tustian, A. D., Sansom M. S. P., Watts A., Fischer W. B.; Bundles consisting of
extended transmembrane segments of Vpu from HIV-1: computer simulations and conductance
measurements. Biochemistry (2002) 41, 7359 – 7365.
[3] Sramala I., Lemaitre V., Faraldo-Gómez J. D., Vincent S., Watts A., Fischer W. B.; Molecular
dynamics simulations on the first two helices of Vpu from HIV-1. Biophys. J. (2003) 84, 32763284
[4] Lemaitre V., Ali R., Kim C. G., Watts A., Fischer W. B.; Interaction of amiloride and one of its
derivatives with Vpu from HIV-1: a molecular dynamics simulation. FEBS Lett. (2004) 563, 7581
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Green fluorescent protein (GFP) from the bioluminescent jellyfish Aequorea victoria and its
derivatives have revolutionized life science research as protein labels, markers of gene expression
and reporters of environmental conditions in living cells. Spectroscopic properties of GFP have
been modified by mutagenesis to enable a wide range of applications. Some of its properties such
as the restricted range of emission wavelengths pose severe limitations, however. In particular, red
fluorescent proteins (FPs) are highly desirable because of the reduced cellular autofluorescence in
the red spectral range and for their application in multicolor labeling or FRET experiments.
In recent years, homologs of GFP have been found in non-bioluminescent anthozoa, including red
fluorescent, green-to-red photoconvertible and non-fluorescent chromoproteins. We have screened
a variety of different species and identified a number of FPs with interesting properties. These
have been cloned and are currently subjected to further optimization using genetic engineering.
Among the novel FPs, there are a number of red-emitting variants. The red fluorescent protein
eqFP611, cloned from the sea anemone Entacmaea quadricolor, has the largest stokes shift (52
nm) and the most red-shifted fluorescence emission (611 nm) of all non-modified FPs that are
available in recombinant form [1]. Fluorescence correlation spectroscopy (FCS) experiments have
revealed light-driven dynamics (flickering) in the fluorescence emission of eqFP611 and other
FPs, which is explained by light-induced transitions between dark and bright states [2]. Most
recently, our research has focused on the characterization of EosFP, an FP that can be switched
from green to red fluorescence emission using near-UV light [3]. In this contribution, we will
present the biophysical characterization of these novel proteins using bulk spectroscopic methods,
single-molecule fluorescence spectroscopy and fluorescence microscopy in our quest to create
optimal marker proteins for molecular and cellular biophysics research.
[1] Wiedenmann, J., Schenk, A., Röcker, C., Girod, A., Spindler, K.-D. & Nienhaus, G. U., A FarRed Fluorescent Protein with Fast Maturation and Reduced Oligomerization Tendency from
Entacmaea quadricolor (Anthozoa, Actinaria), Proc. Natl. Acad. Sci. USA 99 (2002) 1164611651.
[2] Schenk, A., Ivanchenko, S., Röcker, C., Wiedenmann, J. & Nienhaus, G. U., Photodynamics
of Red Fluorescent Proteins Studied by Fluorescence Correlation Spectroscopy, Biophys. J.,
86 (2004) 384-394.

[3] Wiedenmann, J., Ivanchenko, S., Oswald, F., Schmitt, F., Röcker, C., Salih, A.,
Spindler, K.-D. & Nienhaus, G. U., EosFP, A Fluorescent Marker Protein with UVInducible Green-to-Red Fluorescence Conversion, submitted.
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Background. The lipid bilayer is a universal feature of cell membranes. Its composition is incredibly
complex and diverse, including many different types of lipid and protein components. Some
components exhibit lateral diffusion in the plane of the bilayer, while other components are either
anchored or organized into domains. During the past few years, our lab has developed a wide range of
methods for patterning lipid bilayers on solid supports [Accts. Chem. Res. 35, 149 (2002)]. These 2D
fluids are interesting both as a model for biological membranes and as a physical system with unusual
properties. Methods have been developed for controlling the composition of patterned membrane
corrals by variations on microcontact printing and microfluidics. Molecules can be moved around
within these fluid surfaces by a form of 2D electrophoresis. Limitations: Many labs have observed that
membrane proteins are either not mobile or fully functional in solid supported membranes. Furthermore,
the lateral organization of lipid components is usually measured by fluorescence microscopy, which is
highly sensitive, but introduces bulky fluorophores that alter the physical and chemical properties of the
lipids.
Methods. In this talk we describe 2 classes of new methods used to circumvent the limitations
described above. (1) We have begun to explore the use of secondary ion mass spectroscopy using a
NanoSIMS 50 instrument (Cameca). A tightly focused beam of Cs-ions (~ 50 nm) is scanned across a
surface, and small negative ions are collected and detected in a high-resolution mass spectrometer. 5
separate ions can be imaged and quantified simultaneously. The identity of the molecules on the surface
can be determined by introducing isotopic and chemical labels. (2) We have developed a mobile
tethered vesicle system in which short DNA oligonucleotides replace lipid head groups. DNA sequences
displayed in the supporting bilayer are tethering sites for the complimentary sequence displayed on the
surface of vesicles.
Results. (1) We find that negative ions such as {12C1H-, 12CD-}, {12C14N-, 13C14N-, 12C15N-, 13C15N-} and
{16O, 18O} can be used to distinguish different lipids and/or proteins by selective introduction of these
isotopes. We also find that 4-fluoro-Phe-substituted proteins can be very sensitively and selectively
detected by the F- signal. By selective isotopic substitution, images with high lateral resolution that
exhibit contrast based on the molecular components can be obtained. By using patterned bilayers and
defined composition variations, approaches to obtaining quantitative composition information are being
developed. (2) Once tethered, vesicles are laterally mobile in the plane of the supported bilayer. Arrays
of corrals can be used to tether and sort vesicles displaying the complimentary sequence, and different
vesicles can have different contents, lipid composition and/or membrane-associated proteins encoded by
the corresponding oligonucleotide sequence. Because the vesicles are laterally mobile, individual
vesicle-vesicle interactions, mediated by different components on the vesicle surface or in solution, can
be observed directly.
Conclusions. These two new approaches have the potential to overcome the limitations described above
so that the composition of complex membranes can be analyzed, and protein-mediated membranemembrane can be investigated.
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Background/aim: Molecular recognition events between complementary nucleic acid bases are
fundamental for many biological processes, like DNA replication, and are currently being
exploited for self-assembling DNA-based nanostructures. The DNA replication fidelity in living
organisms is maintained by a complex molecular machinery of polymerases, exonucleases, etc. On
the other hand, in the case of replicating NA molecules in the prebiotic soup, the basic physicochemical mechanism to steer the replication process is the hydrogen bonding between DNA bases.
The fidelity of this replication process implies that Watson-Crick pairing must be favored over
others, like "wobble" or "deviant" pairing.
Methods: By means of a combination of STM experiments and DFT calculations, in this
contribution we compare the 2D molecular networks formed on Au(111) upon UHV thermal
deposition of the binary mixtures G-C (purine-pyrimidine pair of complementary bases) and A-C
(purine-pyrimidine pair of non-complementary bases).
Results: We will show that, after a gentle annealing to 80°C the non-complementary bases
segregate into islands of pure A and a network of pure C, whereas the complementary bases G and
C form a network that cannot be separated by annealing up to the desorption temperature for C.
High-resolution STM images allow us to identify the structures for these enhanced thermal
stability as structures that contain G-C bonds possibly with the same structure as the Watson-Crick
pairs in DNA molecules.
Conclusions: The hydrogen-bonding interaction alone can steer the molecular recognition process
necessary for high-fidelity DNA replication even in the absence of polymerases, exonucleases,
etc., a result that could be relevant to understand the origin and nature of the first self-replicating
molecules in the prebiotic soup.
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Fig 1. a), b) and c) display
STM images of guanine
(G), cytosine (C) and
adenine (A), respectively.
d) and e) show STM
images of the binary
mixtures G + C and A + C.
Whereas the
complementary bases for a
network that more stable
than those of the G and C
molecules separately, the
non-complementary bases
segregate into regions of
pure A and regions of pure
C.
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Background and aims: We will present results of stretching of genomic length DNA in nanoscale
channels for precise length measurements with down to 100nm uncertainty in under a minute.
Stretching through confinement in small channels has two major advantages: It does not rely on
any externally applied force and it allows for continuous flow-through operation. The technique is
therefore amenable for lab-on-a-chip applications for direct readout of the genetic and regulatory
information contained along the DNA.
Methods: Nanofluidic channels with cross sections of 100nm x 100nm were made in fused silica
using nanoimprinting lithography. Access channels on the micron scale were made in fused silica
chips using UV-lithography and holes were drilled by sandblasting. The nano and microfluidic
chips were fusion bonded to create sealed channels and the final device.
A gel DNA length standard was used as a sample: lambda phage DNA concatamers with lengths
corresponding to approximately 50kbp up to 1Mbp. The DNA was stained using TOTO-1
intercalating dye and moved electrophoretically in the device. The DNA was imaged in the
nanochannels by epifluorescence microscopy with an Ar-ion laser as light source and an
intensified CCD camera as detector.
Results: The DNA is spontaneously stretched in the channels.
The different lengths are all stretched uniformly to 36% of full
length. We were able to determine the length distribution of a
DNA sample with lengths ranging from a few kilobasepairs up
to megabase DNA. The image on the right (scale bar
~30 micron) shows an example of one stretched lambda-phage
DNA concatamer (pentamer) and two lambda-phage DNA
monomers.
Discussion: The thermal fluctuations in length allow us to
overcome the pixilation error and average the length over several measurements thereby
potentially reaching arbitrary precision. It is important, though, to do the measurements slower
than the relaxation time to ensure independent measurements. The relaxation time is estimated to
about 2 s resulting in fairly slow measurements. To improve speed and resolution, the
measurements could be improved by decreasing the size of the channels, in which case we expect
the DNA to be stretched to a higher degree and have less thermal fluctuation because of its
increased stiffness.
Future applications include direct visualization of specific fluorescent probes attached along the
DNA for e.g. high-precision hybridization studies, gene mapping, and localization of control
factors.
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Protein surface – the dynamics of the interactions
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Background: Biological reactions, such as binding of a ligand to its receptor, insertion of
an ion to its channel and protein folding, occur at the interface between a protein and its
solvent. Before a reaction between a protein and another substance (either a small ligand
or a macromolecule) takes place, the surface of the protein must come into contact with
that substance in the aqueous environment. For this reason, an understanding of the
physical properties of the protein surface is of great importance.
Methods: We have used laser induced proton pulse experiments, molecular dynamics
(MD) simulations, molecular modelling and quantum chemistry to study the properties of
the protein surface at the interface between the protein and the solvent. Our studies were
performed using the ribosomal protein S6 as a model protein, selected for its globular size
and high charge densities.
Results: In the present study we investigated the ‘out of the active site’ processes by
simulating the motion of an inert, non-substrate compound, near a protein that has no
built-in affinity for the reactant, thus looking at the mechanism where the compound
interacts with the surface of the protein. We assumed that the same mechanism affecting
the small solutes in the present case would govern the dynamics of substrates on their way
to specific sites on enzymes. The molecular dynamics of the protein in solution, in the
presence of a few cations and anions, permitted us to characterize the main features which
govern the motion of small solutes near a protein. These features are the effect of local
electrostatic potential, the motion of specific residues one with respect to the other and the
temporal variation in the hydration of the surface groups. The mechanism for inter-residue
surface interactions is based on the relative motion of the surface groups, while the ligand
hops between the binding sites as they come close together. In the present study, we
identify this process with the fluctuations of the distance between carboxylates, where the
two residues transiently approach each other to less than 6Å, a distance where the inner
solvation shells of the residues come into contact. Under such conditions, a proton bound
to one residue will propagate, through linking water molecules, from one to the other
within a time frame that is much shorter than the duration in which the two groups remain
in close contact.
Conclusions: The protein employs physico-chemical features that govern the reactions
taking place on its surface. These features include local electrostatic fields, interactions
between surface residues and between the protein, the solvent and the salt ions. Through
these interactions, the protein can achieve a faster rate of substrate propagation towards its
binding site. This has an explicit thermodynamic implication, as the accelerated encounter
of the ligand with the site will contribute to the apparent thermodynamics stability of the
complex.
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Molecular recognition based on optical spectroscopy of single gold nanoparticles
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Background/aim: A prerequisite for the high integration of immunoassays in lab-on-a-chip
devices are molecular sensors which allow for massive parallelization and for the detection of low
absolute amounts of proteins.
Methods: Gold nanoparticles show a pronounced resonance in their light scattering spectra due to
a collective oscillation of conduction band electrons. The spectral position of this nanoparticle
plasmon resonance (NPPR) depends sensitively on the refractive index of the particle’s immediate
environment. Molecular binding events close to the surface of a nanoparticle are expected to
change this refractive index. We show that analyte binding events can indeed be deduced from
shifted scattering spectra of single gold nanoparticles. Our sensor is suitable to detect spectral
shifts as low as a few meV [1].
To further increase the sensitivity of single nanoparticle molecular sensors, we investigate the
NPPR of nanoshells composed of thin gold layers coated on Au2S nanoparticles [2].
Results: Streptavidin binding to single biotinylated gold nanospheres leads to a red-shift of the
NPPR. The temporal evolution of the binding process can be monitored until an equilibrium
situation is reached leading to a final spectral displacement of the NPPR. Our light scattering
experiments on single Au2S/Au nanoshells show a surprisingly narrow homogeneous NPPR
linewidth of typically 180 meV at resonance energies of approximately 1.8 eV. Additionally, we
find that the NPPR position of single Au2S/Au nanoshells reacts more sensitive to changes of the
refractive index in their surrounding as compared to equally sized gold nanospheres.
Conclusions: Our single nanoparticle molecular sensor is able to detect less than 200 molecular
binding events in real-time under physiological conditions. This single nanoparticle sensor can be
improved by the use of gold nanoshells instead of gold nanospheres due to the following reasons:
(i) the NPPR position of gold nanoshells shows a higher sensitivity to changes in the environment,
(ii) the resonance can be tuned to the biological window, and (iii) the scattering spectra show
sharper resonances.
[1] G. Raschke, S. Kowarik, T. Franzl, C. Sönnichsen, T. A. Klar, J. Feldmann, A. Nichtl, and K.
Kürzinger, Nano Letters, 3, 935 (2003)
[2] G. Raschke, S. Brogl, A. S. Susha, A. L. Rogach, T. A Klar, and J. Feldmann, submitted

1

Present address: Lawrence Berkeley National Laboratory, Hildebrand Hall Box 101, Berkeley, CA94720.

S2-6
Target Specificity of a Peptide Aptamer Selected against Titanium.
Kiyotaka Shiba1, 2, Ken-Ichi Sano1, 2 and Hiroyuki Sasaki3
1
Department of Protein Engineering, Cancer Institute, Japanese Foundation for Cancer
Research, Kami-Ikebukuro, Toshima-ku, Tokyo 170-8455, Japan
2
CREST, JST, c/o Cancer Institute
3
Division of Molecular Cell Biology, Institute for DNA Medicine, Jikei University School
of Medicine, Nishi-Shinbashi, Minato-ku, Tokyo 105-8461, Japan

Background: Controlled interfacing between bio-molecules and inorganic materials is
fundamental to the development of bio-nano materials. In the past several years, peptide
aptamers that bind to various inorganic materials have been isolated using the peptide
phage system. However, little is known about the molecular mechanisms and how they
interact with the surface of the materials. We have recently isolated a peptide aptamer,
TBP, that electrostatically binds to the surface of titanium [1]. To gain further insights into
the mechanisms of the interaction between TBP and the surface of titanium, in this study,
we tested its target specificity.
Methods: The binding specificity of the peptide-phage using ten different metal targets
was investigated.
Results: TBP binds to the surfaces of confined groups of inorganic materials that share no
obvious common features such as isoelectric point, crystal shape, and wettability. The
mutant aptamers that lost affinity to titanium did not bind to these materials, indicating
that the same mechanism should determine the interactions between TBP and the groups
of metals.
Conclusions: The previously unknown local electrochemical structure shared by a group
of metals may be responsible for recognition by TBP.
[1] K. Sano & K. Shiba, JACS 125, 14234 (2003)
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We have developed a technique by which we can initiate chemical reactions involving few
reactant molecules inside micrometer-scale biomimetic containers (10-12 to 10-15 L) under
controlled conditions. The containers are composed of liposomes (1-50 µm in diameter) connected
by lipid nanotubes (100-300 nm in diameter) to form networks. The lipid bilayer in the membrane
are act as a two dimensional liquid, and the tube connections can easily be translated over the
network1. Two liposomes filled with different reactants, separated by a lipid nanotube, are
constructed. By pushing the liposomes together, the lipid nanotube gets consumed by the
liposomes. At a critical distance, the liposomes merge, the reactants mix, and the reaction is
initiated. As a model system we use the formation of a fluorescent product (a two-step cleavage of
phosphate groups from fluorescein diphosphate to form fluorescein by the enzyme alkaline
phosphatase). Using a FRAP fluorescence microscopy protocol, product formation was measured
as a function of time, without having to consider any photo bleaching. By comparing the activity
with bulk measurements, the enzymatic concentration can be calibrated in the vesicles. Thereby,
the kinetic activity of very few molecules (down to 15 molecules) could be followed. After
substrate depletion, more substrate could be added to the enzymes, making the reaction start all
over again, with the same number of molecules. Thus calibrated experiments with known
concentration and mass down to the level of tens of molecules could be performed inside the
confines of the biomimetic reactors.
To further decrease the reaction container, reactions in tubes or three-way-junctions would be a
possible platform to study kinetics in confined volumes. Here, the reaction size shrinks to a
volume of 10-17-10-19 L. In these ranges, one can expect the kinetics to be altered to non-classical
with a time dependent rate constant2. By shrinking the reaction container, the surface-to-volume
ratio increases and the surface tend to be of larger importance. Such effects could be studied in the
environment of nanotube junctions.
References:
1)Karlsson, M.; Sott, K.; Davidson, M.; Cans, A. S.;
Linderholm, P.; Chiu, D.; Orwar, O. Proc Natl Acad Sci
U S A, 99, 11573-11578 (2002)
2)Lin, A.L., Feldman, M.S, and Kopelman, R., J. Phys.
Chem. B, 101, 7881-7884 (1997)
Figure a-f shows a schematic picture of the merging of
two liposomes, filled with different reactants. Figure g
shows an image of the fluorescent product after
merging of enzyme and substrate liposomes. Figure h
shows a fluorescence intensity profile, used to calculate
the amount of product in the liposome.
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Background/aim: While fluorescence detection of biomolecules belongs to the most sensitive
methods available, its utilization in probing protein – protein interactions has been hampered by
the necessity of attaching chromophores to the protein. Such a procedure may perturb the structure
and accordingly the functionality of the protein and also may cause losses of valuable proteins.
Therefore the development of label free protein microarray technology is of utmost importance.
The analysis of microarrays without labelling of the proteins presents a challenge, which has yet
been met only by a few means, such as mass spectrometry, imaging ellipsometry and surface
plasmon resonance. These techniques may be favourably complemented by a new approach based
on the fluorescence decay time analysis of the intrinsic fluorescence of proteins in the UV range of
the spectrum.
Methods: We directly excite the aromatic amino acids tryptophan and tyrosine of the protein
around 280 nm. Since the lifetime of excited electronic states of molecules is sensitive to
environmental parameters, the protein-protein interaction may lead to changes in the fluorescence
decay pattern, for example due to quenching of neighboring amino acids or some other structural
changes. For UV - excitation, a frequency tripled Ti:Sa Laser is used, and the fluorescence decay
is either measured by time correlated single photon counting or with a streak camera. Employment
of UV-fluorescence based techniques to protein microarrays demands special consideration
concerning substrates, protein immobilization, blocking reagents and incubation methods. In
particular, any material that luminesces upon excitation in the UV is unsuitable. This limitation
excludes, among others, many otherwise established substrates, binding or blocking chemistries
containing aromatic or conjugated bonds.
Results and Conclusions: The feasibility of label – free fluorescence lifetime analysis of protein
microarrays has been demonstrated for multiple binding partners, such as antibody / antigen pairs,
specific protein pairs and protein / oligonucleotide - aptamer pairs. Further investigations concern
detection sensitivities, binding specificity and the detection of analytes in complex protein
mixtures.
We also probe specific protein – ligand interactions by employing fluorescence decay
measurements on microarrays as well as in solution. For example, aptamers binding to
distinguished binding sites of the same kind of protein result in different fluorescence decay times.
This case demonstrates that unlike to most other marker free methods to probe protein – ligand
interactions, the detection of binding does not depend on the size of the binding partners, but rather
on specific interactions.

[1] H.M. Striebel, P. Schellenberg, P. Grigaravicius, and K.O. Greulich, Readout of protein
microarrays using intrinsic time resolved UV fluorescence for label free detection,
Proteomics 4, 1703 – 1711 (2004)
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Aim: The molecular mechanisms involved in most neurodegenerative disorders, such as
Parkinson’s and Alzheimer’s disease, are still unclear. The aim of the following study was
to examine whether laser-microdissected samples of single cell types from post-mortem
brain tissue can be used for protein expression analysis and to what extent the number of
cells for proteomic research can be reduced still obtaining reliable results applying stateof-the-art chip techniques.
Methods: We used haematoxylin and eosin stained frozen sections (15 µm) from human
post-mortem brain tissue and collected cell material selectively by laser-microdissection
and pressure catapulting (LMPC) as combined in the AutoLPC-function of a PALM®
MicroBeam instrument. Different amounts of material have been collected such, that the
cells are readily fragmented and homogenized while being catapulted into the urea
denaturation buffer (6M urea, 100mM Tris/HCl). The buffer was placed in the center of a
sealed-reaction tube cap exactly on top of the desired areas for LMPC-cell-harvest. The
tryptic digested protein mixture was subsequently analyzed with a nano-LC/MSMS ion
trap system.
Results: Applying this non-contact investigation method we were able to identify the glial
fibrillary acidic protein by 25 distinct peptides, the myelin basic protein by 6 distinct
peptides and a mutant beta-actin by 7 distinct peptides.
On the other hand we applied a standard procedure to HEP-G2 cells for the goal of gene
expression analysis of heat shock over-expressed proteins starting from 500 cells – more
than three magnitudes fewer number of cells than used for known chip analysis. To that
end we determined the expression by global normalization of each array and dye-swap
array pairing. The results were normalized to the housekeeping gene b-actin. We found
reliable signal intensities with a progressive increase by doubling the number of cells each
run.
Outlook: The outlook will show how to converge both proof-of-principle experiments by
high-throughput solutions in zeptomol region- and MSMS-analysis combined with object
oriented pattern recognition for clean sample harvesting and elimination of blanking
issues.
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Induction of immune response and differentiation in equine cells using
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Background.
Macrophages and lymphocytes are active players of the immune system of mammals and essential
for the generation of humoral and cellular responses. Macrophages actively identify and engulf
foreign particles or microorganisms in peripheral tissues and subsequently present antigens to
lymphocytes for their recognition and response. The present work shows that micropatterned lipid
monolayers containing lipopolysaccharides (LPS) can stimulate macrophage uptake of the LPS
antigen (Lipid A), macrophage differentiation into dendritic cells, and further induce a response in
lymphocytes. This model system is proposed as an on-chip simulation of immune processes as
they occur in the lymphoid tissues, which can be used for drug testing and population screening.
Methods.
The silicon substrates used were prepared by photolithography and reactive ion etching of a
Parylene coating to yield micrometer-sized openings, followed by surface modification with OTS.
LPS monolayers were obtained after incubation of the substrate with LPS vesicles. Polymer lift-off
yielded patterns of lipid monolayers with feature sizes of 0.5 to 76 µm. Patterns containing LPS
were incubated with freshly isolated equine macrophages. Macrophage stimulation was
characterized by SEM, immunostaining of specific receptors, and by cytokine mRNA expression
using real time RT-PCR. Lymphocytes were added to the LPS-stimulated macrophages and were
in turn stimulated by the antigen presenting cells. Lymphocyte stimulation was assessed by SEM
microscopy cell proliferation assays.
Results.
Epifluorescence images following incubation with LPS show macrophage attachment to the
substrate and LPS uptake. SEM images of the stimulated macrophages show attachment to the
surface and extension of lamellipodia, indicating vigorous cell motility. Epifluorescence images of
stimulated macrophages show increased expression of WS25 (macrophage marker) and CD86
(dendritic cell marker) receptors. Real time RT-PCR of cytokine mRNA expression revealed and
effect of surface-patterned LPS on cell activation as compared with 96-well plate assays.
Furthermore, SEM images of the lymphocytes incubated with stimulated macrophages show
membrane ruffling and morphology changes that indicate cell activation
Conclusions.
It is shown that surface micropatterned LPS can be used to effectively induce an immune response
in macrophages and lymphocytes. Stimulated macrophages differentiate to become dendritic cells.
The model system here presented can be used for simulation of immune processes as they occur in
the lymphoid tissues. Also, patterning of multiple stimulating agents in the form of lipid mono or
bilayers, or protein arrays could be used for on-chip drug testing and cell population screening,
with the added advantages of small sample requirement and parallel assay capability in one chip.
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Molecular Investigations of a pH Responsive Protein Hydrogel
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Background: The coiled-coil is a common protein structural motif, consisting of two or more αhelices intertwined, typically in a left-handed supercoil. In this study the pH dependent behaviour
of a series of artificial coiled-coil proteins, de novo designed in the laboratories of Professor
D.A.Tirrell (California Institute of Technology), was examined using resonance frequency based
microcantilever detection, as well as the complementary techniques of quartz crystal microbalance
with dissipation measurement (QCM-D) and dual polarisation interferometry (DPI).
Methods: AFM cantilevers were immersed in different pH solutions of the coiled-coil containing
protein L2FC5 and cantilever resonant frequency measured with time. Monolayers of the related
coiled-coil protein L2FC7 were immobilised on gold via thiol chemistry in the case of QCM-D
measurements and onto glass via a linker attached to amide groups in the case of DPI
measurements. To monitor the influence of the buffer environment and protein binding on these
functionalized surfaces, they were exposed to solutions of sodium phosphate of pH 4.5-11.2 and
different pH solutions of the proteins.

Mass (ng)

Results: Differently functionalised AFM cantilevers showed a steady decrease in resonant
frequency with time, commensurate with an increase in mass. Mass increases were greater for
acidic pH than neutral or alkaline pH; this increase was calculated to be greatly in excess of that
expected from a monolayer, suggesting that protein molecules were forming aggregates or gel like
networks around the cantilever. In QCM-D and DPI experiments monolayers of L2FC7 were
found to become less stiff and less dense at high pH, and to form thicker monolayers. As pH was
decreased monolayers became stiffer, denser and decreased in thickness. This behaviour was
consistent with an increase in coiled-coil association and the formation of structure at acidic pH,
and an increased dissociation and adoption of random-coil conformation at high pH. When
different pH solutions of L2FC7 were applied to the monolayers, the detected mass increased at a
greater rate and to a greater extent at low pH than at neutral or alkaline pH, suggesting greater
association of proteins with the monolayer under these conditions. This mass increase was
partially reversed with the application of 0.1M NaOH
solution.
20
Figure 1. Change in mass of protein on a gold coated
AFM cantilever over time when immersed in
15
solutions of L2FC5 at different pH (pH11.2:♦,
10
pH7.4:■, pH6.0:▲). Maximum mass for a monolayer
calculated as 0.17ng
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Tethered lipid bilayer membranes have been shown to be a powerful model for bio
mimetic membranes. They are able to mimic biologic properties of a membrane, e.g the
electric barrier properties. Also the incorporation of functional membrane proteins could
been demonstrated.
We aim to establish a tethered membrane on the gate-oxide of a field effect transistors.
Incorporated ion channels will be used in order to construct a novel type of biosensing
device. Electric properties of the immobilized ion channels will be read out and analysed
for changes in the presence of analyte molecules, e.g. toxins.
We will present first results of this work.
The Maxi-K ion channel has been successfully incorporated into a tethered membrane
system. Furthermore, the ion channel will be genetically modified in order to incorporate
special binding sites. An fluorescent tag has been incorporated for better control of the ion
channel.
A novel FET design and read-out system has been developed in a cooperation with the
Research Center Jülich and it has been adapted to the membrane system. First transition of
the membrane system, historically established on gold surfaces, to a silicon surface has
been achieved.
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Background: Follow-up of free flaps is a difficult problem in microvascolar surgery. Laser
Doppler has been used, as well as oxygen tension, temperature monitoring, metabolite analysis and
infrared photography. All these methods have their disadvantages, and it has been difficult to
develop a system that is sensitive enough to venous stasis and gives real-time information. We
developed a surface sensor for pulse oximeter and used it in clinical set-up to follow up
microsurgical patients. The method was sensitive to give pulse wave and haemoglobin saturation
but offered no information on venous outflow obstruction. No adverse events were observed
during the clinical trial, clinically or by the oximeter.
Aim: To evaluate the suitability of pulse oximeter for detecting venous obstruction.
Material and method: A device was constructed of: 1) a laptop PC with appropriate software to
give readings on red (R) and infrared (IR) light alternating current (RAC and IRAC) and direct
current (RDC and IRDC) values as well as darkness levels, 2) an amplifier unit was connected to
the printer port of the PC, the unit controlling the brightness of the light emitting diodes (LEDs)
and the amplification ratio of the received signal, 3) surface pulse oximeter sensor that was
attached to this amplifier and the information was fed to the PC trough analogue/digital (A/D) –
converter. In pigs, latissimus dorsi (LD) flap was raised and left attached to the axillary vessels via
the pedicular vessels but no anastomosis was performed. The sensor was sutured to a spot where
the pulse could be detected. The pedicular vein was thereafter obstructed with a venous vascular
clamp and the oximeter readings were recorded with the software on the PC.
Results: A constant pattern was observed. The RDC values fell from the moment of closure at
rapid rate and reached a plateau after some 1-2 min. at which the values changed very little if at
all. Arterial pulsation lost slowly amplitude and disappeared during the same time. After opening
the clamps the RDC values immediately started climbing back to almost pre-closure levels and
arterial pulsation was immediately seen. About 40 observations were made. In arterial obstruction
pulse wave was immediately abolished. It returned as the arterial clamp was released.
Conclusion: Surface sensor pulse oximeter can reliably detect venous obstruction in pedicular
flaps.
Keywords: Biosensors, free flaps, microsurgery, pulse oximetry.
Acknowledgements: Research funds from the TEKES (Project 40274/03 and 424/31/04), the
European Commission (EU Project QLK6-CT-2000-00487), the Academy of Finland (Project
73948) are greatly appreciated.
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Background/aim: Recent studies [1-3] have shown that luminescent conjugated
polyelectrolytes (CPs) can be used as novel optical tools for the detection of biomolecular
processes, such as biospecific interactions and conformational changes of biomolecules.
The conformational flexibility of polymers, also found in conjugated polyelectrolytes,
allows direct connection between the geometry of CP chains and the resulting electronic
structure and processes. If conformational changes of biomolecules lead to different
conformations of the CP backbone in biomolecule/CP complexes, an alteration of the
absorption and emission properties – a change of colour - from the polyelectrolyte is
observed.
Results: We have shown that conjugated polyelectrolytes can be used for detection of
amyloid formation in bovine insulin (BI), conformational alterations of synthetic peptides,
conformational alterations of calmodulin and single nucleotide polymorphism in DNA.
The methods are based on non-covalent assembly between the conjugated polyelectrolyte
and the biomolecule of interest, obtained by mixing of the elements, and is therefore fast
and simple. The detection principle is based on conformational changes of the conjugated
polyelectrolyte chains when interactions with the different biomolecule assemblies occur,
and these changes are detected by optical absorption and emission from the CP. The
recording of conformational change in such complexes requires sufficiently strongly
bound complexes, and some measures of this binding strength indicate a Kd between 1100 nM. Under proper conditions we can therefore follow biomolecular interactions and
biomolecule dynamics through the spectral changes of colour in absorption and emission.
We foresee that the present mechanism may be used for detection of a variety of
biomolecular processes, and that the simplicity and the diversity of this methodology
make it suitable for making inexpensive protein- and DNA-chips for rapid detection of
biomolecular recognition, as well as to make sensors suitable for following cell processes
in vivo.

[1] Nilsson, K. P. R., & Inganäs, O. Nature Materials, 2, 419-424. (2003)
[2] Nilsson, K. P. R., Rydberg, J., Baltzer, L., & Inganäs, O. Proc. Natl. Acad. Sci. USA,
100, 10170-10174. (2003)
[3] Nilsson, K. P. R., Rydberg, J., Baltzer, L., & Inganäs, O. Proc. Natl. Acad. Sci. USA,
Submitted (2004)
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Background/aim: Proteins and peptides acquire their native structures through a series of
conformational changes spanning a wide timeframe over many orders of magnitude. Advances in
experimental methodology allow to address underlying microscopic events and molecular
mechanisms. Fast conformational changes can be induced in photoresponsive peptides, where a
molecular switch is incorporated in the peptide chain. In this construct conformational restraints
can be modified on an ultrafast time scale using a short laser pulse as trigger. The peptide starts
from its initial conformation to sample the new conformational space accessible under the rule of a
modified potential.
Methods: The integrative approach combines photoresponsive peptides, femtosecond
spectroscopy in the visible and infrared spectral region and molecular dynamics simulations to
study the early events of peptide folding.
Results: A suitably functionalised azobenzene molecule, (4-aminomethyl)-phenylazobenzoic acid,
is incorporated as a fast photo-switch into a backbone-cyclized octa-peptide. Of special interest are
those experiments, where the chromophore is switched from the (meta-)stable cis-form to the
thermally stable trans-form. For the peptide chain this induces a structural change from a helixlike motif in the cis-form to a stretched and conformationally restricted form of the trans-isomer.
Femtosecond transient absorption spectroscopy with 60 fs excitation pulses at 480 nm and white
light probing records the molecular reaction. The spectra allow to clearly distinguish and characterize the sub-picosecond photoisomerization of the chromophore, the subsequent dissipation of
vibrational energy and the sub-nanosecond conformational relaxation of the peptide [1]. Time resolved analysis of the amide-I region of the mid-infrared spectrum allows a direct analysis of nonequilibrium backbone dynamics. While the main conformational change of the backbone is
completed after only 20 ps, the subsequent equilibration in the new region of conformational space
continues in the 10-ns range. Relaxation and equilibration processes of the peptide backbone occur
on a complex hierarchy of time scales [2,3]. The results obtained for such model-peptides with few
conformational degrees of freedom compared to a protein provide new insights into the complexity
of fast folding and might also have implications for structural rearrangements of folded structures
[4].
1.

2.

3.

4.

Spörlein, S., Carstens, H., Renner, C., Behrendt, R., Moroder L., Tavan, P., Zinth, W. and Wachtveitl, J. (2002)
Ultrafast spectroscopy reveals sub-nanosecond peptide conformational dynamics and validates molecular
dynamics simulation. Proc. Natl. Acad. Sci. USA, 99, 7998-8002.
Bredenbeck, J., Helbing, J., Sieg, A., Schrader, T., Zinth, W., Renner, C., Behrendt, R., Moroder L.,
Wachtveitl, J. and Hamm, P. (2003) Picosecond conformational transition and equilibration of a cyclic peptide.
Proc. Natl. Acad. Sci. USA, 100, 6452-6457.
Bredenbeck, J., Helbing, J. Behrendt, R., Renner, C., Moroder, L., Wachtveitl, J. and Hamm, P. (2003)
Transient 2D-IR spectroscopy - Snapshots of the non-equilibrium ensemble during the picosecond conformational
transition of a small peptide. J. Phys. Chem. B, 107, 8654-8660.
Wachtveitl, J., Spörlein, S., Satzger, H., Fonrobert, B., Renner, C., Behrendt, R., Oesterhelt, D., Moroder L.
and Zinth, W. (2004) Ultrafast Conformational Dynamics in Cyclic Azobenzene Peptides of Increased Flexibility.
Biophys. J., 86, 2350-2362.
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Experimental Studies of Structure, Function, and Coherent Oscillations in
Biomolecules
P.M. Champion, D. Ionascu, F. Gruia , and X. Ye
Department of Physics and Center for Interdisciplinary Research on Complex Systems,
Northeastern University, Boston, MA 02115 USA; E-Mail: champ@neu.edu

This contribution reports on temperature dependent studies of the ultrafast kinetics and
femtosecond coherence observed in heme proteins such as cytochrome c, its octapeptide, and
myoglobin. Ultrafast studies of ligand binding in biological samples as a function of temperature
have not previously been reported. Novel experimental techniques have been developed to carry
out such studies so that the energy/entropy barriers associated with ultrafast recombination of the
NO ligand can be determined for the first time. In addition, the coherence signals describing the
low frequency vibrational excitations of biomolecules can be probed using similar experimental
techniques. The low frequency modes, particularly one near 20 cm-1, are surprisingly robust and
underdamped. It is possible that the 20 cm-1 mode is analogous to the “Boson” peak observed in
biomolecules using other experimental methods [1] and suggested by theoretical calculations [2].
Acknowledgements:
Supported by NSF 0211816 and the NIH DK 035090.
References:
1. H. Leyser, W. Doster, and M. Diehl, Phys. Rev. Lett. 82, 2987 (1999).
2. Y. Seno and N. Go, J. Mol. Biol. 216, 111 (1990).
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DNA Charge Transfer: an Atomistic Model
Thorsten Koslowski, Tobias Cramer and Sebastian Krapf,
Institut für Physikalische Chemie, Universität Freiburg, Albertstrasse 23a, D-79104 Freiburg im
Breisgau, Germany, e-mail: koslowsk@uni-freiburg.de, fax: (+49)761-203-6189, phone: -6182

Understanding the impact of oxidative stress upon the genome by the migration of charges to
specific sites of trapping, sensor applications and the potential use of a self-replicating conducting
biopolymer in nanodevices have made charge transport through DNA a subject of considerable
interest in recent years [1]. In this work, we address the question whether a single atomistic model
can account for the two phenomenological mechanisms that have been suggested to rationalize the
experimental kinetics of DNA hole transfer. Using a chemically specific extended Su-SchriefferHeeger model [2,3], we are able to provide a positive answer by computing reaction coefficients
both in the short-range superexchange and in the long-range hopping regime [4].
We find positive charges that are generally localized on guanine. We have computed hopping rates
between C-G neighbours and pairs separated by adenine bases, leading to reaction coefficients
comparable to experiments and to a Marcus-Levich-Jortner parameter of 1.38 +/- 0.20 Å-1.Our
results are fully compatible with the conjecture of charge transfer in DNA via a hopping
mechanism, and the computations provide its basic parameter - the guanine-guanine interbase
hopping rate - as the output of an atomistic theory. For long intervening A-T sequences, hole
localization on these bases possible; a phenomenon that gives rise to adenine-adenine hopping
transport. Finally, we present a numerical calculation of the potential and the kinetics for hopping
through an entire nucleosome (292 nucleobases).
[1] B. Giese, Acc. Chem. Res. 33, 631 (2000); C.R. Treadway, M.G. Hill and J.K. Barton, Chem.
Phys. 281, 409 (2002); S. Delaney and J.K. Barton, J. Org. Chem. 68, 6475 (2003);
H.-W. Fink, Cell. Mol. Life. Sci. 58, 1 (2001).
[2] W.P. Su, J.R. Schrieffer and A.J. Heeger, Phys. Rev. Lett. 42, 1698 (1979).
[3] M. Rateitzak and T. Koslowski, Chem. Phys. Lett. 377, 455 (2003)
[4] T. Koslowski, T. Cramer and S. Krapf, submitted for publication.

Fig. 1. Polaron formation and hopping in a nucleic acid. The sizes of the spheres are proportional
to the local excess hole charge.
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A Nonadiabatic Theory for Ultrafast Catalytic Electron Transfer modelling the
Photosynthetic Reaction Center
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Background/aim: The standard Marcus theory of electron transfer (ET) is based on the
adiabatic approximation which is not valid precisely in the vicinity of the inversion point
where ET is faster. We propose a nonadiabatic theory which improves the Marcus theory
in that regime and becomes equivalent elsewhere.
Method: The complex amplitudes of the electronic wavefunctions on different sites are
used as Kramers variables for describing the quantum tunnelling of the electron in the
deformable potential generated by its environment (nonadiabaticity) and modelled as a
classical thermal bath. After exact elimination of the bath, the effective electron dynamics
is described by a discrete nonlinear Schroedinger equation with norm preserving
dissipative terms and a Langevin random force with a frequency cut-off due to the
thermalized phonons. The theory of Targeted Transfer involving quantum phase
coherence developped earlier will be essential for understanding ultrafast catalytic ET.
Results: Far from the inversion point, our model reproduces identically the Marcus results
in the diabatic (weak reactant) and the adiabatic regime (strong reactants) as well. Close
to and beyond the inversion point, relatively fast ET may occur irreversibly at zero
temperature without energy barrier and but is generally non exponential..
At the inversion point, there is a specially interesting marginal case where the
nonlinearities of the donor and the acceptor (in the weak reactant regime) are
appropriately tuned for targeted transfer. ET is reversible and the acceptor which does not
retain the electron, is actually a catalyst. Slow electronic level oscillations on the pair
donor-catalyst may induce resonance with a third site which captures the electron very
fast. We illustrate this phenomena by numerical examples where a weakly interacting
catalytic site triggers at zero temperature the ultrafast electron transfer from the donor to
an acceptor while in the absence of this catalytic site, a very large energy barrier prevents
any direct ET. Many features predicted by this theory are in qualitative agreement with
those observed for the ultrafast ET in the photosynthetic reaction centers of the simplest
living cells.
Conclusion: This novel approach for describing the transfer of electrons and more
generally of quantum excitations, potentially opens new perspectives for understanding
selective chemistry and logical functions in biosystems or artificial devices.
Refs: S. Aubry and G. Kopidakis, Int.J.Mod.Phys. B17 (2003) 3908-3921
ibid. in Localisation and Energy Transfer in Nonlinear Systems pp.1-27 (2003) World
Pub. Cie. Ed.s L.Vasquez, R.S. MacKay and M.P. Zorzano
S. Aubry in Nonlinear Waves: Classical and Quantum aspects (NATO ARW Estoril 1317 July, 2003) to appear
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Electrochemical and Bioelectrochemical Electron Transfer towards the Singlemolecule Level
Tim Albrecht, Qijin Chi, Jingdong Zhang and Jens Ulstrup
Department of Chemistry, Building 207, Kemitorvet,
Technical University of Denmark, DK-2800 Kgs. Lyngby, Denmark
Tel.: +45 45252359, Fax: +45 45883136, ju@kemi.dtu.dk
Many features of biological electron transport (ET) mechanisms carried by redox
metalloproteins are now broadly understood. This has come to offer conceptual and
theoretical frames in exploring novel areas of surface supramolecular organization and
functional properties of immobilized small molecules and biomolecules at the monolayer
and single-molecule levels. Monolayer and single redox molecules can be inserted into
mesoscopic configurations such as scanning tunnelling microscopy (STM), and brought to
display device-like function, even with new ET phenomena observed.
We have studied comprehensively several redox metalloproteins and transition metal
cmplexes. The proteins include the three major classes of ET metalloproteins, blue copper,
heme, and iron-sulfur proteins, as well as the redox metalloenzyme copper nitrite
reductase. All target molecules are immobilized in functional states on single-crystal
Au(111)- or Pt(111)-electrode surfaces. Electrochemistry, X-ray photoelectron
spectroscopy, microcantilever sensor techniques, and STM directly in aqueous solution (in
situ STM) were used, together with new ET theory. In the present report focus is on the
blue copper protein, azurin on thiol-modified Au(111)-electrodes and on bipyridine-based
Os(II)/(III)-complexes linked to Au(111)- and Pt(111)-electrode surfaces.
Hydrophobically adsorbed azurin shows well-defined monolayer voltammetry where
both current-distance and current-overpotential relations can be obtained. These provide
interfacial electron tunnelling decay factors and the nuclear reorganization free energy,
respectively. In situ STM images to single-molecule resolution discloses dense
monolayers of azurin molecules. The Os-complexes show ordered monolayer domains of
molecules on Au(111)-electrodes. Tunnelling spectroscopy in the in situ STM mode can
be recorded, with a pronounced tunnelling current maximum close to the equilibrium
redox potential. Such results can be important in areas of molecular scale science such as
biosensing, ultra-small scale electronics, and other areas.
[1] A.M. Kuznetsov and J. Ulstrup, J. Phys. Chem. A 104, 11531 (2000).
[2] Q. Chi, J. Zhang, J.E.T. Andersen and J. Ulstrup, J. Phys. Chem. B 105, 4669 (2001).
[3] J. Zhang, Q. Chi, A.M. Kuznetsov, H. Wackerbarth, H.E.M. Christensen, J.E.T.
Andersen and J. Ulstrup, J. Phys. Chem. B 106, 1131 (2002).
[4] A.M. Kuznetsov and J. Ulstrup, J. Electroanal. Chem. 564, 209 (2004).
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Delocalization in biological systems

Sven Larsson
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Chalmers University of Technology, SE-41296 Göteborg, Sweden,
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Abstract: Biological excitation energy and electron transfer processes take place over large
distance (10–100 Å). The early suggestion that proteins transfer electrons in the same way as
semi-conductors was abandoned when it was realized that the band gap is > 3 eV. Instead
electrons in electron transport chains leap between local sites by thermally induced tunnelling.
The nuclear coupling (reorganization energy) at a site should be small. The same model may be
used for electron and excitation energy transfer. In the latter case nuclear coupling is induced by
local excitation rather than local polarization. The coupling is the Förster coupling in the spin
singlet case, extending over large distance. Recent work on DNA and antenna systems in
photosynthesis, has shown that for a large ratio coupling to reorganization energy, the system is
delocalized. A model has been developed to predict the transition to the delocalized state. This
model is very different from the Mott insulator–to–metal transition model and applies to
electron, excitation energy (singlet or triplet), proton and electron pair transfers. It will be
discussed whether biological systems, including wire-DNA and J-aggregates, can be delocalized.
The new delocalization model is compared to the Mott model.
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Theoretical Analysis of Decomposition Reaction of Dioxetanone in Firefly
Bioluminescence
Kei Odai1, Hironori Sakai2, Naohisa Wada2*.
1. Dept. of Informatics and Media Technology, Shohoku College, 428 Nurumizu, Atsugi, Japan.
2. Dept. of Life Science, Toyo University, 1-1-1 Izumino Itakura-machi, Japan.
* Phone: +81-276-82-9214, Fax: +81-276-82-9214, e-mail: bhwada@itakura.toyo.ac.jp
Background/aim: In general, the substrate of bioluminescence is named luciferin (Ln). In the case
of firefly in vitro bioluminescence, Ln reacts with O2, Mg2+ and ATP to yield CO2 and
oxyluciferin in the excited state (Oxyln*) under the existence of the enzyme luciferase, through
transient formation of an unstable dioxetanone. Decomposition of dioxetanone makes Oxyln*
effectively, and going down to its ground state accompanying with visible light emission:
luciferin (Ln) -----> dioxetanone -----> Oxyln* ----------------------------> Oxyln.

light emission
The purpose of this study is to clarify the electronic-excitation mechanism of this luminous
phenomenon. In this report, we have focused on the decomposition process of dioxetanone from
the quantum-chemical point of view.

Methods: An initial-geometrical structure of dioxetanone was tentatively assumed to search the
optimized dioxetanone in the transition state by the semi-empirical and non-empirical molecular
orbital methods, namely MOPAC and gaussian98 programs. The obtained structure was used as an
initial transition state in the next step of IRC (intrinsic reaction coordinate) calculations where the
reaction path of dioxetanone decomposition into Oxyln* and CO2 is obtained. The excited-energy
curves along the reaction coordinate were calculated by the INDO/S and the CIS (CI singles)
methods in MOS-F and gaussian98 programs, respectively.

Results and Conclusion: Figure1 shows the
reaction path for the decomposition of dioxetanone
into Oxyln* and CO2. It clearly implies that the
contiguity between the excited and the ground
energy curves around the reaction coordinate of
0.5 causes the non-adiabatic transition from
dioxetanone to Oxyln*, where the peroxide bond
of the former simultaneously breaks to produce the
latter and CO2.

Figure1. The reaction path for
decomposition of dioxetanone
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M.V. Voinova and M. Jonson
Department of Applied Physics, Chalmers University of Technology,
412 96 Goteborg , Sweden, Tel: +46 31 772 3195, Fax +46 31 41698
Email: voinova@fy.chalmers.se

The development of biosensor systems based on photoisomerizable enzyme electrodes is a
rapidly progressing field. A sensor element of such devices, a single protein molecule
functionalized with a photosensitizer involves the photonic triggering of its biomolecular
functions and the electronic transduction of the signal to the electrode [1]. Electronic
communication between redox enzymes and electrode surfaces is the fundamental process
in amperometric transduction of signals in enzyme biosensors since the redox center of
biocatalyst is often insulated by the protein matrix.
Several experimental methods were developed to generate electric contact of the enzyme
reaction center with electrodes including shuttle charge transfer by diffusional mediators
and photostimulated electric transport in functionalized redox electrodes. In the present
paper we report our results on theoretical modeling of cyclic light-activated shuttle
electron transport in the photoisomerizable redox enzyme (a system of protein-linked
structural units with photoswitchable 'on-off'' activation) in functionalized monolayer
electrodes. We show that the efficient electrical communication (the photoswitchable
amplified current) of the redox enzyme depends on protein photoisomer state (activated
state as 'on'' and deactivated state as 'off'', controlled with the functionalized monolayer
electrodes).
Different scenarios of shuttle electronic communication in the system of photosensitive
redox enzymes on functionalized electrodes and of natural photosynthetic molecules are
discussed.
References:
[1] M. V. Voinova and M. Jonson. Electronic transduction in model
enzyme sensors assisted by a photoisomerizable azo-polymer.
Biosensors & Bioelectronics (special issue on Synthetic Receptors),
2004 (in press).
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Exploring protein folding landscapes using atomic force microscopy
Jane Clarke
University of Cambridge, Dept of Chemistry, MRC Centre for Protein Engineering,
Lensfield Rd, Cambridge CB1 2EW UK
jc162@cam.ac.uk
The “protein folding problem” is normally stated in terms of how a protein folds rapidly
and efficiently to its native structure after synthesis on the ribosome. However, for a
significant number of proteins preventing unfolding, is a significant problem. These are
proteins that experience significant force in vivo. The obvious example is the muscle
protein titin, but a number of extracellular matrix proteins, cell surface receptors and cell
adhesion proteins face the same challenge. Transduction of mechanical stimuli, including
fluid flow, osmotic swelling and cellular distortion, is critical to cell growth, development
and migration, and specialist sensory processes such as hearing and touch. Mechanically
sensitive proteins act as force receptors.
All mechanical proteins are required to remain folded while under force – how is this
achieved at the molecular level? How is the protein folding energy landscape affected by
the application of an external force? Single molecule force spectroscopy is the only
technique available that allows us to investigate this question. However, to get molecular
detail, these approaches need to be combined with standard biophysical and structural
techniques, with protein engineering, and with computer simulation. I will describe some
of our recent results.
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Physics meets evolution: natural selection of protein folds in vivo and in silico
Eugene Shakhnovich
Department of Chemistry and Chemical Biology, Harvard University, 12 Oxford,
Cambridge, MA 02138, Email: eugene@belok.harvard.edu
We will discuss recent developments in protein theory that allow a unified statisticalmechanical view of protein folding and evolution. Specifically we will present a new
analytical theory and simulations that provides structural determinant of protein
designability, i.e. explains which protein structures (folds) can accommodate more
sequences with low enough energy to make them viable proteins. This theory predicts a
new mechanism of adaptation for organisms through selection of most designable folds
that accommodate more stable sequences. Comparison of thermophilic and mesophilic
proteomes of eubacteria with fully sequenced genomes provides clear evidence for such
adaptation pointing out to physical principles behind fold selection and orthologous
replacements in mesophiles and thermophiles. Further analysis of uneven fold populations
in the universe of protein domains with the use of graph theory lead to the discovery of
striking relation between analogous folds in the universe of protein domains whereby it is
organized into a scale-free network in number of structurally-related folds, in striking
contrast witha control random graph. We show, using both phenomenological gene
duplication models and detailed lattice simulations of protein evolution under stability
pressure that such scale-free character of protein domain universe may be an imprint of
Big Bang scenario of protein genesis where most of the folds emerged from one or few
precursors via divergent evolution that includes gene duplications and mutations. Further,
the new analysis of structure-function correlations in families of related provides
additional supports for this view. Analysis of evolutionary history of protein domains
shows complex yet clear relation between structure, function and evolutionary history –
relation that can be quantitatively understood in the context of divergent evolution
evolution of proteins. The divergent scenario is also likely to give rise to several other
observed peculiarities of large-scale biological networks such as protein-protein
interactions and biochemical flux networks.
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Experimental and simulated folding pathways
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Background
Just how a protein folds from its denatured state to its native structure is a challenging
problem for the experimentalist and the theoretician. Both must devise methods for
charting the progress of a polypeptide chain through a myriad of conformations in order to
seek precise details and general principles. The unfolding of proteins is highly pertinent to
many diseases from Alzheimer’s to cancer. The analysis and prediction of unfolding
pathways may well provide clues for designing novel pharmaceuticals to combat these
diseases.
Methods
As an experimentalist, I attempt to solve the structures of all stable and transition state
ensembles on the folding pathway of a protein. Protein engineering is an indispensable
tool in the process. It is used to engineer denatured states that are stable under conditions
that favour folding so NMR can be used. The structure of transition states can be inferred
from the kinetics and equilibria of precisely mutated proteins (phi-value analysis). The
structures so derived can be used to benchmark simulation, which in turn fills in the whole
of the folding pathway and fleshes out the atomic structure of the intermediate and
transition states.
Results and conclusions
We have been able to follow protein folding from tens of nanoseconds [1] and have found
general mechanisms of how small proteins fold [2]. We have collaborated with
theoreticians to combine experiment and simulation, and have tested simulations at atomic
level resolution. Simulation of folding is surprisingly successful, but still needs to be
combined with experimental benchmarking [3].
References
[1] U. Mayor, N. R. Guydosh, C. M. Johnson, S. Sato, G. S. Jas, S. M. V. Freund, J. G.
Grossmann: D. O.V. Alonso, V. Daggett and A. R. Fersht., Nature 421, 863-867 (2003).
[2] S. Gianni, N. R. Guydosh, F. Khan, T. D. Caldas, U. Mayor, G. W.N. White,
M. L. DeMarco, V. Daggett, and A. R. Fersht, Proc. Natl. Acad. Sci. USA 100, 13286-13291
(2003).
[3] S. Sato, T. L. Religa, V. Daggett, and A.R. Fersht, Proc. Natl. Acad. Sci. USA 101, 69526956 (2004).
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Dewetting in nanoscale hydrophobic plates collapse and multi-domain protein
folding
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The dewetting (water drying) between protein domains of a two-domain protein, BphC enzyme, is studied
and compared with the drying between two idealized nanoscale hydrophobic plates. The BphC enzyme,
which is selected from all two-domain proteins in PDB by hydrophobicity profiling analysis, shows an
excellent hydrophobic interface for the purposes of comparison. It is found that there exists strong dewetting
transition (SDT) with vapor regions up to 2-3 water layers between the two hydrophobic plates when they
collapse, whereas in the multi-domain protein folding, no drying transition has been observed even at very
small inter-domain separations. Only weak water depletion (WWD), with a water density about 10-15%
lower than the bulk, is found in the inter-domain gap region. The kinetics of the hydrophobic collapse of the
two-domain protein is also significantly different from that of the idealized hydrophobic plates. The plates
slowly diffuse towards each other until they reach a critical separation Dc upon which a large scale drying
transition takes place followed by a rapid collapse. The collapse of the multi-domain protein, on the other
hand, does not display this behavior, but instead slows down at the last stage of the folding process. In
addition, the significant solvent depletion (water vapor layers) found near single hydrophobic plates are not
seen near isolated single domains of the multi-domain protein, even though these domains have very large
hydrophobic surfaces. Interestingly, once the attractive interactions, such as the electrostatic and van der
Waals r-6attractions, between the protein and solvent are turned off, the two-domain protein behaves
similarly as the hydrophobic plates.
1
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Aggregation of islet amyloid polypeptide (IAPP) in the presence of lipid membranes
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The process of amyloid fibril formation is an important event in diverse diseases, and it
has been associated with membrane disruption in cells. We have investigated the
aggregation of amyloid islet polypeptide (IAPP) in the presence of lipid membranes. The
study addresses both the issues of how the lipid membrane affects aggregation, and how
the membrane structure and function is influenced by the amyloid peptide. For this we
used model systems of giant unilamellar lipid vesicles, to which monomeric IAPP was
added. The aggregation process was investigated in situ by means of laser confocal
fluorescence microscopy. This assay allows us to simultaneously monitor the localization
of the aggregated peptide, alterations in the membrane structure and vesicle leakage by
using different fluorescent dyes. We conclude that there is interaction between the
aggregating peptide and the lipid bilayer. It was shown that aggregation occurs in relation
with the bilayer, and that the fibril formation is accompanied by membrane disruption,
leakage and vesicle collapse. The effect of lipid composition was also found to affect the
aggregation process. In particular, anionic lipids were found to increase the rate of IAPP
fibril formation. Finally, the results obtained for the model system are correlating well
with those obtained when IAPP added to intact mammalian cells.
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Equilibrium Fluctuations in Myoglobin, Lysozyme and Reaction Center
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Understanding and describing of the fundamental principles of protein functioning in
quantitative terms is possible if not only the structure but the dynamic properties of these
macromolecules are also known. Present work is devoted to the quantitative study of the dynamics
of several simple proteins with principally different structural organization: alpha helical
membrane protein - photosynthetic Reaction Centre (RC) from Rhodobacter sphaeroides (packing
of alpha helices in RC is absolutely different from those in nonmembrane proteins) and two
nonmembrane proteins - alpha helical myoglobin and alpha helical plus beta sheet lysozyme (four
disulfide bridges are present here in addition).
To study spatio-temporal features of protein specific motions we have used: elastic and
inelastic Rayleigh scattering of Moessbauer radiation (RSMR) techniques [1], diffuse X-ray
scattering in combination with Fourier transform which provide information on radial distribution
functions and their changes and conventional molecular dynamic simulations.
Angle dependencies of elastic fraction, of total and inelastic intensities of RSMR were
measured for all of these proteins for different hydration degrees. The treating of data for hydrated
proteins approves the existence of motions of alpha helices for myoglobin, alpha helices and beta
sheets for lysozyme, alpha helices for RC as well as of individual motions. Further hydration
increases the mean square displacements for both types of intraglobular motions for these proteins.
For myoglobin this effect is more pronounced than for lysozyme and RC. Long range correlated
motions of globule as a whole remain nearly the same as for dehydrated samples. It was surprising
that we were unable to fit the data for lysozyme by the plain picture of hinge bending motions of
domains, which should play an important role in the functioning of this protein. Therefore it was
suggested that hinge bending motions have more complicated character. 20 percent of lysozyme
atoms participate in segmental motions and 80 percent of atoms in individual motions. Study of
RSMR spectra indicates that correlation times of intraglobular motions for lysozyme and RC are
of the order of nanoseconds or less. For myoglobin approximately 60 percent of all atoms
participate in individual motions. Correlation times of segmental motions in myoglobin are of the
order of hundreds of nanoseconds. Results of study of radial distribution functions together with
RSMR data allow to make a conclusion that water during hydration of proteins competes with
intramolecular hydrogen bonds, loosens the protein and increases internal dynamics. Concurrently
water arranges the ordering of macromolecule from “glassy” to native state.
Analysis of dynamics of these proteins allow to make a final conclusion that exactly the
difference in architecture of myoglobin and lysozyme but not the SS-bonds in lysozyme is the real
reason of different dynamics of these proteins. The degree of cooperativity of motions in
membrane RC is essentially higher than that in nonmembrane Mb and lysozyme
1.Goldanskii V.I., Krupyanskii Yu.F. Quart.Rev. of Biophysics 22, 39 (1989).
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Neuroglobin is a recently discovered globin expressed in the brain with an as yet unknown
physiological function. Its low expression level suggests a function different from oxygen storage.
Expression is up-regulated under conditions of hypoxia, but can also be induced by hemin.
We have examined the effects of active site residues His64 and Lys67 on ligand binding to the
heme iron of mouse neuroglobin using steady-state and time-resolved visible spectroscopy (1). In
the absence of an exogenous ligand, the heme iron is hexacoordinate in both ferric and ferrous
oxidation states of the heme iron. Absorption spectra of the ferric and ferrous species of the native
protein, mutants His64Leu and Lys67Leu and double mutant His64Leu-Lys67Leu were recorded
over a wide pH range (4 − 11). These experiments allowed us to identify a number of different
species with different ligands at the sixth coordination site, to characterize their spectroscopic
properties and to determine the pK values of the active site residues His64 and Lys67. Reaction
intermediates and the competition of endogenous and exogenous ligands for the sixth coordination
were studied in flash photolysis experiments on CO-ligated samples to obtain insights into
structural changes in the active site and the role of the key residues His64 and Lys67 in regulating
ligand association.
Fourier transform infrared (FTIR) spectroscopy on the stretch bands of CO bound to wild-type
and Lys67Leu neuroglobin reveals multiple active-site conformations. By contrast, His64Leu has
only a single conformation, implying that His64 is responsible for this heterogeneity. To obtain
further insight into the structure and structural heterogeneity, we have determined the structure of
murine neuroglobin by x-ray crystallography (2). The bis-histidine (ferric) form shows pronounced
heme orientational disorder, and a huge internal cavity (300 Å2) exists that could possibly serve as
a reaction chamber.

1.

2.

Nienhaus, K., Kriegl, J. M., and Nienhaus, G. U. (2004) Structural Dynamics in the active
site of murine neuroglobin and its effects on ligand binding, J. Biol. Chem. 279, 2294422952.
Vallone, B., Nienhaus, K., Brunori, M., and Nienhaus, G. U. (2004) The structure of
murine neuroglobin: novel pathways for ligand migration and binding, Proteins 56, 85-92.
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Background/aim: The study of the conformational transformations of DNA macromolecule is
the line of understanding the mechanisms of genetic processes regulation. Due to the soft
organization of the double helix and clearly defined nonlinear character of it rearrangements [1]
the DNA transformations have to call the localization of conformational excitations on some sites
of macromolecule. The localized excitations may play the role of definite signals to activate or
repress the genetic activity of DNA. In spite of great interest to the problem and relatively widescale studies in this area [2] the theoretical results have no experimental support so far, because
of dynamical character of the most of predicted effects. The aim of present contribution is to
study the static localized excitations of B-A type that may be compared with last years data on
static deformations of the DNA double helix.
Methods: DNA B-A transformations are studied using the two-component model of the
macromolecule conformational mobility. According to the proposed approach the model of the
DNA large-amplitude mobility is constructed for the definite conformational pathways of the
double helix transformations, where the macromolecule structural elements move jointly. So, for
the pathway of B-A transformations one model component is the bending – degree of freedom of
the elastic rod, and another component (conformational coordinate) - the displacement of mass
center of the nucleoside pair towards the helix grooves.
Results: The localized excitations in the macromolecule with ground state (B-form) and
metastable form (1st case), and in the conditions of B-A equilibrium (2d case) are studied.
Analysis of the system in the 1st case shows that the static structural excitations have a shape of a
bell. At the center of the excitation both model components have the values that correspond to the
ground state and on the edges - to the metastable one, and the DNA fragment is bent as a bell. In
the 2d case, at the central part of the excitation the deformation of the fragment has the maximum,
and on the edges - the deformation is absent. So, the macromolecule fragment is looked as a kink.
Conclusions: The comparison of the obtained data with the experiments on DNA deformability
[3] and B-A transformations [4] shows a good correlation between the theory and experiment. It
is seen that observed DNA deformations are occasioned by the intrinsically localized excitations
– static conformational solitons by their nature. The obtained results may be considered as the
direct evidence of the conformational solitons existence in the DNA macromolecule.
[1] R. Lavery, Adv.Comput. Biol. 1, 69 (1994)
[2] Collected articles “Nonlinear Excitations in Biomolecules”, ed. M.Peyrard (Les Editions
de Physique, Springer-Verlag), 1995
[3] D.M. Crothers, T.E. Haran, J.G. Nadeau, J. Biol. Chem 265, 7093 (1990)
[4] X.-J. Lu, Z. Shakked, W.K. Olson, J. Mol. Biol 200, 819 (2000)
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Initiation of DNA gene transcription requires a transient opening in the double helix at the
transcriptional start site. It is generally assumed that the location of this “transcriptional
bubble” is determined by sequence-specific protein binding, and that the energy required
for unwinding the double helix comes from torsional strain. Physical twisting should cause
DNA to open consistently in weakly bonded A/T rich stretches, however, simple basepairing energetics alone can not account for the variety of observed transcriptional start
sites. Applying the Peyrard-Bishop nonlinear cooperativity model to DNA, we are able to
predict that thermally-induced DNA bubbles, similar in size to transcription bubbles, form
at specific locations on DNA promoters. These predicted openings agree remarkably well
with experiment, and that they correlate exactly with known transcription start sites and
important regulatory sites on three different promoters. We propose that the sequencespecific location of the transcriptional start site is predetermined by the inherent opening
patterns of specific DNA sequences. As DNA bubble formation is independent of protein
binding, it appears that DNA is not only a passive carrier of information, but its dynamics
plays an important role in directing the transcription and regulation of the genes it
contains.
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Interaction and assembly of DNA and a physicist view on homology recognition in
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Alexei A. Kornyshev* and Sergey Leikin**
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**Physical Biochemistry Group, National Institute of Child Health and Human Development,
National Institutes of Health, Bethesda, MD 20892 USA
How to pack meters of genetic material in mammalian sperm and fag heads? Why some ions
condense DNA, while others do not? Why DNA changes its structure in dense aggregates? Why
and how DNA builds cholesteric liquid crystals? These and other questions, including a “built-in”
electrostatic snap-shot mechanism of recognition of homologous genes in recombination and
DNA repair have been studied within the joint research program “Theory of interaction and
assembly of biological helices”, the results and current status of which are summarized in this talk.
References
A.A.Kornyshev and S.Leikin:
1. Theory of interaction between helical molecules, J.Chem.Phys.107, 3656, (1997);108, 7035 (1998).
2. Symmetry laws for interaction between helical macromolecules, Biophys.J. 75, 2513 (1998).
3. Helical symmetry and electrostatic interaction of macromolecules in dense aggregates.
An impetus for DNA poly- and meso-morphism, Proc.Natl.Acad.Sci.USA. 95, 13579 (1998).
4. Electrostatic zipper motif for DNA aggregation, Phys.Rev.Lett., 82, 4138 (1999).
5. A twist in chiral interaction between biological helices, Phys.Rev.Lett. 84, 2537 (2000).
6. Electrostatic interaction between long, rigid helical macromolecules at all interaxial angles,
Phys.Rev.E 62, 2576(2000).
7. Sequence recognition in pairing of DNA duplexes, Phys.Rev.Lett. 86, 3666 (2001).
http://focus.aps.org/v7/st19.html
A.A.Kornyshev, S.Leikin, and S.Malinin:
8. Chiral electrostatic interactions and cholesteric liquid crystals of DNA, Eur.Phys.J. E 7, 83(2002).
H.M.Harreis, A.A.Kornyshev, C.N.Likos, H.Loewen, and G.Sutmann
9. Phase behavior of columnar DNA assemblies, Phys.Rev.Lett. 89, 18303 (2002).
A.Cherstvy, A.A.Kornyshev, and S.Leikin:
10. Temperature-dependent DNA condensation triggered by rearrangement of adsorbed cations,
J.Phys.Chem. 106, 13362 (2002).
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Columnar DNA assemblies are important model systems for in vitro, physical studies
of DNA structure, DNA-DNA interactions and the mechanisms of DNA aggregation.
Furthermore the columnar domains do emerge in packaging of genetic material in phage
heads and sperm, and they might have certain direct biological importance.
Last but not least, as it had been recently found [1], the pair interaction between DNA
in parallel juxtaposition in solution has a very peculiar dependence on interaxial separation
R and mutual azimuthal orientation φ , making it a unique “unknown” object of statistical
mechanics. Indeed, interaction between ideal helical torsionally rigid DNA has a form
u ( R, φ ) ≈ C ( R ) − A( R ) cos φ + B ( R ) cos 2 φ where A,B,C >0 and A>B at large R. This
potential has two symmetric azimuthal minima at φ± ≠ 0 for distances smaller than a
critical one at which A=2B, and one minimum for larger R. The properties of DNA
assemblies can thus be mapped on a 2D problem of XY spins interacting via this unusual,
frustrated potential.
The nature of the pair interaction gives rise to a rich phase diagram for columnar DNA
assemblies, and there were first papers that have studied the properties of such assemblies
on the level of ground state simulations on fixed lattices [2] or on a purely
phenomenological level [3]. We present here for the first time the ‘microscopic’ statistical
mechanical theory of such assemblies, both within and beyond approximation of fixed
positional order.
On a fixed hexagonal lattice, we observe a new transition driven by the formation of
domains along with a usual Kosterlitz-Thouless transition.
To better model the system, however, we have carried out calculations where the
lattice is allowed to distort in order to obtain the most energetically favorable states. For
realistic parameters, assemblies at all but the largest densities form rhombohedric
structures which vary somewhat in density but change very little over relevant temperature
ranges. Nevertheless, we have obtained a more complete physical picture of assemblies
where thermodynamic quantities, such as specific heat and compressibility have been
calculated. We give specific suggestions for experimental verification of our predictions
and compare the result with studies where structural transitions in columnar phases driven
by the variation of aggregate density have been reported [4].
[1] A. A. Kornyshev and S. Leikin, J. Chem. Phys. 107, 3656 (1997); 108, 7035(E)
(1998).
[2] H. M. Harreis, A. A. Kornyshev, C. N. Likos, H. Löwen, and G. Sutmann, Phys. Rev.
Lett. 89, #018303 (2002).
[3] V. Lorman, R. Podgornik, and B. Žekš, Phys. Rev. Lett. 87, #218101 (2001).
[4] F. Livolant, Physica A 176, 117 (1991).
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Background/aim: Proteins and nucleic acids show a wide range of internal motions, such as ring
pucker, flexibility of loops and folding transition. How internal motions are related to biological
functions is rarely understood at the molecular level. Internal motions are essential for DNA
function, such as unwinding of DNA during transcription and recognition of methylated DNA.
RNA molecules have regulatory functions (e.g. micro RNAs), which probably also require internal
motions. Here we investigate internal motions of DNA and RNA using a new NMR technique [1].
We study a DNA three-way junction, as a model of intermediates of DNA replication, and an
RNA structure of the hepatitis B virus (HBV). This RNA structure contains the site where the viral
reverse transcriptase binds as central step of replication of HBV, and is therefore a promising drug
target [2].
Methods: Internal motions can be derived from crystal structures, but this has only been achieved
in few cases [3, 4]. Established NMR experiments to study motion use the nuclei 15N, 13C, 2H.
These methods have several limitations: First, they only probe motions of directly bonded atoms
(such as N-H), while folding and binding are mediated by non-bonded interactions. Second,
motions of relatively few groups can be probed, such as one N-H bond per amino acid. Third,
these experiments are not well suited for nucleic acids, because only base-paired imino N-H
groups can be studied. We have developed a homonuclear NMR technique [1], which directly
probes internal motions of all the 1H, 1H contacts that define protein and nucleic acid structures.
We utilize this technique to study internal motions of nucleic acids.
Results: In DNA, we observe that internal motions increase from bases to sugars, while in RNA,
internal motions of bases and sugars are similar and the average rigidity is higher than in DNA.
Besides this, we observe in the RNA structure internal motions of specific unpaired nucleotides.
Conclusions: Our new method allows to probe internal motions of H, H contacts throughout
molecular structures, and to study folding and binding. Comparing folded nucleic acids (double
helical and hairpin loops), we observe a fundamental difference in the internal motions between
DNA and RNA. In the RNA structure, mobile nucleotides are located in a region that is known to
melt upon binding of the reverse transcriptase. This suggests that internal motions are related to
the melting of the RNA during replication of HBV, and that RNA-directed drugs against HBV
have to bind to a flexible RNA target.
[1] J. Schleucher and S. S. Wijmenga, J. Am. Chem. Soc. 124, 5881-5889 (2002)
[2] S. Flodell, J. Schleucher et al., Nucleic Acids Research 30, 4803-4811 (2002).
[3] S. R. Holbrook and S.-H. Kim, J. Mol. Biol. 173, 361-388 (1984)
[4] N. Engler et al., Proc. Natl. Acad. Sci. USA 100, 10243-10248 (2003)
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The major component of chromatin, DNA, is a densely charged polyanion. Electrostatic
interactions between DNA and DNA-packaging proteins, the histones, contribute
substantially to stability of eukaryotic chromatin on all levels of its organization and
particularly important in formation of its elementary structural unit, the nucleosome. The
release of DNA from the histones is an unavoidable stage in reading the DNA code.
Therefore, proteins operating on the nucleosomal template should be able of handling
smoothly and non-specifically with large amounts of both negative charges of DNA and
positive charges of the DNA-binding species.
We carry out a thermodynamic analysis of disassembly/assembly process of the
nucleosome, by considering this as a competition between an excess of the polyanions
(DNA and acidic/phosphorylated domains of the nuclear proteins) for binding to a limited
pool of polycations (the histones). Results obtained in model systems, DNA-oligocations
are combined with data on stoichiometry and concentration of ionic components of the
cell cytoplasm. We challenge the common opinion that “in the physiological range of pH,
ionic strength, and temperature the core particle [nucleosome] is marginally stable” [1]
and show that the isolated nucleosome has very high and favourable electrostatic free
energy of formation. In reaction of nucleosome disassembly molecular machines operating
in chromatin must not only use the energy of ATP hydrolysis but also meet certain
conditions to avoid severe penalties for violation of balancing charges and electrostatic
forces existing in the nucleosome. A set of simple “electrostatic rules” is proposed which
explain many features of chromatin statics and dynamics.
Using this new concept we propose a number of new interpretations for the observations
reported in literature on chromatin [2]. In particular, our approach sheds some light on the
functions of acidic domains in the nuclear proteins (nucleoplasmin and other histone
chaperones, HMG proteins, the activation domains in transcriptional activators). It results
in a putative explanation for the molecular mechanisms behind epigenetic regulation
through histone acetylation, phosphorylation, and other alterations (“the language of
covalent histone modification”). We also propose a new explanation for the role of
phosphorylation of C-terminal domain of RNA polymerase II for regulation of the DNA
transcription. Several other examples from literature on chromatin are discussed to support
applicability of “the electrostatic rules” for description of chromatin structure and
dynamics.
References
1. van Holde, K. E. Chromatin; Springer-Verlag: New York, 1989.
2. Korolev, N.; Nordenskiöld, L. Polyelectrolyte properties of nucleosome disassembly
and assembly reactions. Recent Res.Devel.Biophys.Chem. 2001, 2, 103.
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Background/Aim: Despite the general realization that dynamics of DNA plays a vital
role in DNA-protein interaction, the level of our understanding on nucleic acid dynamics
is rather limited. Furthermore, information on position-dependence of dynamics is even
more stark by its absence. Position-dependent dynamics are implicated in a variety of
situations such as specific and sequence-independent binding by regulatory proteins to dsDNA ends (blunt ended or single stranded overhanged), ss-DNA and junctions of ssDNA/ds-DNA..
Methods: In this work, we have used the fluorescent analog of adenine, 2-aminopurine (2AP) to monitor the position-dependence of dynamics of base and the backbone of ss- and
ds-DNA. Dynamic fluorescence parameters such as excited state lifetime and rotational
depolarization time were used to infer DNA dynamics.
Results: Our results reveal the following aspects of DNA dynamics: (i) In ss-DNA, the
internal motion of base becomes less restricted and the backbone becomes more flexible
towards the end of the chain (Figure 1); (ii) In blunt-ended ds-DNA, the strength of basepairing decreases towards the end; (iii) The internal motion of base is associated with
larger amplitude in the middle of ds-DNA when compared to bases located towards the
ends, a result which is rather counter-intuitive (Figure 2); and (iv) In ds-DNA with single
stranded overhangs, the dynamics of the two strands are markedly different even in ds
segments.
Conclusions: The observation of decreasing level of base-pairing strength towards the
ends of ds-DNA together with the observation of increased level of segmental flexibility
towards the end provides us a quantitative estimation of fraying of DNA ends. Our results
point to hitherto undescribed aspects of DNA-chain dynamics that propagate selectively
along the chain rather than across the chains. The relevance and implications of these
findings to various DNA-protein interactions are discussed.

Fig
ure1 :- Anisotropy decay kinetics of 30mer single stranded DNA containing
2-aminopurine at the center(a) at the end(b).
Figure2 :- Anisotropy decay kinetics of 30mer double stranded DNA containg
2-aminopurine at the center(a) at the end(b).
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Background/aim: Electrical transport properties in DNA are of significant importance
not only for biological interests, but also for nano-device applications. There have been
published many papers with contradictory conclusions, i.e., from a metal to an insulator.
To settle this controversial issue, our research aim is placed on a combinatory study of
contactless microwave conductivity and infrared absorption for well controlled and
characterized DNA samples.
Methods: Poly(dG)-Poly(dC) DNA and Poly(dA)-Poly(dT) DNA samples synthesized by
an enzymatic reaction [1] include no defects and take a B-form structure. For the
microwave conductivity measurements, we employ a cavity perturbation method with a
cylindrical cavity resonating at 16 GHz. The samples are placed at the maximum electric
field of TE011 mode in the cavity. The infrared absorption experiments are performed by
FT-IR spectrometer.
Results: The real part of microwave conductivity, σ1, for both the samples decreases on
cooling down to 100 K. Above 200 K, σ1 follows a thermal activation type dependence
with the energy gap of the order of 10-1 eV, which seems to be consistent with a half of the
binding energy obtained by the infrared absorption. The temperature dependence of σ1
accompanied with the crossover feature is well reproduced by a small polaron model, if
the characteristic frequency of the molecular vibration is taken as 1014 Hz. The coupling
constant with mobile carriers in Poly(dG)-Poly(dC) DNA is about 3 times larger than that
in Poly(dA)-Poly(dT) DNA. The small polaron may couple to some special molecular
vibrations within a few base pairs, the site of which deforms by mobile carriers.
Conclusions: The present studies conclude that Poly(dG)-Poly(dC) DNA and Poly(dA)Poly(dT) DNA are semiconductors with the conductivity of 10-3 (Ωcm)-1 and the energy
gap of 10-1 eV above 200 K. The temperature dependence of σ1 is well explained by a
small polaron model.
[1] S. Tanaka et al., Chem. Comm., 2330 (2002).
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Background/aim: The cylindrical outer hair cell (OHC) appeared in the inner ear of mammals
over 200 million years ago and is the most exotically specialized hair cell. Morphological and
molecular features of its lateral wall endow it with the ability to generate mechanical force at high
(> 50 kHz) frequencies. The force alters the vibrations of the organ of Corti enhancing the
perception and discrimination of high frequency sounds. The lateral wall is an elegant, nanoscale
(~100 nm thick), piezomotor that is self-assembling and self repairing. It consists of three layers,
two are membranes and sandwiched between them is a layer of cytoskeletal proteins with
preferential orientations. The force generating mechanism is based on a direct conversion of the
transmembrane electrical potential into mechanical energy. The mechanism would be functionally
useless if the membrane behaved like the membranes of other cells and was unable to sustain
transmembrane receptor potentials at high frequencies. Providentially, a strong coupling of
electrical and mechanical energy sustains high frequency charge movements. Stretching or
compressing an OHC alters its membrane potential and, conversely, changing the electrical
potential alters its length. The bi-directional energy conversion resembles piezoelectricity both
qualitatively and quantitatively. We demonstrate the existence of electro-mechanical resonances
predicted by a simple piezoelectric model.
Methods: The pertinent constitutive piezoelectric equations are:

T = cE S − δ E
dD
dS
dE
=δ
+ ε 0ε T
+ σE
dt
dt
dt

Eqn 1

where T is the stress, S is the strain, E is the electric field, D the electric polarization (or
displacement), s E the elastic compliance at constant electric field, δ is the piezoelectric constant,
T
ε 0 the permittivity of free space, ε the permittivity coefficient of the slab at constant stress and
σ is the conductance. These equations were combined with conservation of linear momentum to
derive the length-thickness-extension (LTE) piezoelectric model for the behavior of isolated
OHCs. Predictions of the model were compared to electrical admittance data collected using a
novel micro-electro-mechanical system (MEMS)
Results: In the low-frequency regime, mass is negligible and the model predicts that reciprocal
potential energy transfer between electrical and mechanical forms will govern behavior. Since
kinetic energy increases with increasing frequency, the bandwidth of the low-frequency regime is
limited. At the frequency where kinetic energy balances potential energy, resonance and
maximum power transmission are predicted to occur. Therefore a reasonable hypothesis is that
OHCs, if truly piezoelectric, would reveal piezoelectric resonance when stimulated at sufficiently
high frequencies. The model also predicts resonance at ultrasonic frequencies that is inversely
proportional to cell length. Our experimental data collected using MEMS from OHCs supports
these predictions and provides evidence for piezoelectric resonance in isolated cells. The
resonances compared favorably to predictions of simple piezoelectric models and, as predicted,
were ultrasonic relative to the best auditory frequency at the place in the cochlea from which the
cells were harvested.
Conclusions: These features suggest somatic electromotility of mammalian OHCs is a
piezoelectric effect – physics clearly capable of robust function at high frequencies. Results lead
to the hypothesis that bats, whales and dolphins use OHC piezoelectric resonance directly in
detecting the high-frequency species-specific vocalizations they use in echolocation.
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Quantitative structure of fully hydrated membranes has been difficult because
fluctuations and disorder severely limit diffraction data for use in traditional
crystallographic analysis. These limitations are overcome by our liquid
crystallographic method that instead uses the fluctuations and disorder to advantage.
The ensuing diffuse scattering provides many more data that are continuously
distributed over reciprocal space instead of being localized to a few peaks. Although
diffuse scattering is much weaker, it is easily measured using synchrotron x-rays and
CCD detectors. Analysis of the data uses liquid crystal theory suitably programmed to
perform global fits in q-space. The fits provide the membrane bending modulus and the
compression modulus that includes the interactions between membranes. Modeling
obtains the electron density profile and structural parameters. Results for lipid bilayers
in the biologically relevant fluid phase will be shown and compared to molecular
dynamics simulations. http://lipid.phys.cmu.edu
1. Y. Liu and J. F. Nagle, Phys. Rev. E 69, 0409XX (2004).
2. S. Tristram-Nagle and J. F. Nagle, Chem. Phys. Lipids 127, 3 (2004).
Research funded by US National Institutes of Health grant GM44976
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We analyze both the static and dynamic fluctuation spectrum of the red-blood cell
membrane in a unified manner, using a simple model [1] of the lipid bilayer and spectrin
network that constitutes the red blood cell cytoskeleton. Previous work [2] has shown that
the observed fluctuations are much larger than one would expect from a model in which
the lipid bilayer and spectrin network are strongly coupled; in that case, one would expect
the membrane fluctuations to be strongly reduced by the large shear forces. In our model,
we focus on the fact that the two dimensional spectrin network and the lipid bilayer are
only sparsely connected, with one coupling protein every 50-100nm. This is modeled by
an almost free bilayer in the presence of an effective uniform membrane potential and an
effective surface tension. Thus, the cytoskeleton effectively confines both the static and
dynamic fluctuations of the lipid bilayer. The predictions of our phenomenological model
account for both the wavevector [3] and frequency [4] dependence of the experimental
data. A deeper theoretical basis for this model is obtained [5] by considering the thermal
fluctuations of a lipid membrane, with only bending elasticity, in the presence of a
periodic potential. The effective, uniform confinement potential and surface tension of the
phenomenological model are thus predicted by the strength and periodicity of the more
microscopic model. The experimental data indicates that the magnitude of membrane
fluctuations as well as the overall red blood cell shape is a strong function of the ATP
concentration. We show how ATP disconnections of the spectrin network from the lipid
bilayer related to ATP induced defects in the spectrin network can give rise to an
"effective temperature" that determines the fluctuation amplitude. In addition, we show
how the concentration of these defects controls the area difference (between the inner and
outer leaflets of the lipid bilayer) that has been predicted to drive the discocyte to
echinocyte shape transition in these systems.
[1] N. Gov, A. Zilman and S. A. Safran, Phys. Rev. Letts., 90, 228101 (2003).
[2] H. Strey, M. Peterson and E. Sackmann, Biophys. J. 69, 478 (1995).
[3] A. Zilker, H. Engelhardt and E. Sackmann, J. de Physique, 48, 2139 (1987);
[4] S. Tuvia, S. Levin, A. Bitler and R. Korenstein, J. of Cell Bio., 141, 1551 (1998);
S. Levin and R. Korenstein, Biophys. J., 60, 733 (1991).
[5] N. Gov and S. A. Safran, Phys. Rev. E, 69, 011101 (2004).
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Abstract
This paper reports the results of homology molecular dynamics calculations for the
structure and physical properties of 290 forms of tubulin isotypes whose amino acid
sequences have been published in biochemical data banks. The basis for our calculations
was the Downing-Nogales structure of the tubulin dimer published several years ago and
refined to within a 3.5 Å resolution. Through our computations we have found both
structural similarities and significant differences between the various tubulin isotypes and
their physical properties such as the surface area, volume and electrostatic charge and,
dipole and its orientation. It appears that most of the α, β and γ isotypes are structurally
similar within each of these subclasses. However, there exist major differences between
these subclasses expressed in terms of their net electric charge, dipole moments and dipole
vector orientations. These properties may be strongly correlated with functional
characteristics such as the stability of a microtubule and assembly rates and catastrophe
frequencies for microtubule polymerization and depolymerization processes. In addition,
we have found that the C-termini of α- and β-tubulin can exist in two stable
configurations, either projecting out from the tubulin (or microtubule) surface, or
collapsed on that surface. The equilibrium between these two states could influence and
be influenced by signaling, post-translational modifications of tubulin, and binding of
motor proteins and microtubule-associated proteins to the microtubule. It is also argued
here that these C-termini could play a role in ion transport. Finally, a close analysis of the
binding site for taxol reveals subtle but important differences between various human beta
tubulin isotypes of tubulin which may offer important clues for new anti-cancer drug
design.

S7-5
Nonlinear Ferroelectric Model for Microtubules
M.V. Satarić
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One of the essential enigmas in Microtubule’s (MT) dynamics is the role and utilization of
energies released in the hydrolysis of GTP (guanosine triphosphate). Earlier [1], we put
forward the hypothesis that this energy can cause a local conformational distortion of
corresponding dimmer. This distortion should have nonlinear character and could lead to
the formation of traveling kink soliton.
In this paper we use the formalism of the liquid crystal theory to consider the nonlinear
dynamics of MT`s. The chiral shape of the tubulin dimmer, together with its electric
charge distribution treating the MT crystal as a supersmectic ferroelectric phase is suitable
for modeling in terms of nonlinear dynamics [2]. There was evidence that within an MT, a
dimer that experiences hydrolysis of GTP is led to an energetically tense large
conformation which tends to relax the corresponding filament towards a coiled
conformation. Within our model this corresponds to the formation of a deformation kink
mode. Its drift motion superposed with diffusive mode. Its drift motion superposed with
diffusive motion pushes it preferentially towards the positive end of an MT, since the
infrinsic electric field is directed from the plus to the minus end. We assume that kink
produced by GTP hydrolysis inside the MT could reach the end and relax the tension
through a detachment of many dimers from the tip, triggering well known catastrophic
disassembly phase.
References:
1) M.V.Satarić, J.A.Tuszynski and R.B.Žakula, Phys. Rev. E, 48, 589, (1993)
2)M.V.Satarić and J.A.Tuszynski, Physics Rev. E. 67, 011901 (2003)
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We perform in vitro experiments aimed at understanding force generation by the
“microtubule polymerization motor”. Using micro-fabrication techniques we create rigid
barriers that are used to measure the piconewton forces that are generated by the growth of
single microtubules. With the help of optical tweezers the molecular details of the
microtubule growth process in the presence of force can be detected (see Fig. 1). Using
this technique it is possible to study directly the molecular mechanism by which
microtubule associated proteins (MAPs) interfere with microtubule dynamics and force
generation. First results of the action of the microtubule associated protein XMAP215 will
be presented.

20 µm

Fig. 1. Experimental set-up, schematic. A stiff microtubule-nucleating object is held with
a time-shared “key-hole” optical trap in front of a micro-fabricated barrier (shown is an
electron micrograph of the barriers). Growth of the microtubule results in motion of the
bead that can be detected with nanometer resolution.
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Life in single cells is dictated by chance: Having small numbers of molecules generates
spontaneous fluctuations that then enslave all dependent processes. This has been
extensively modeled in the last few years, but treating the particularities of each system
separately has buried general principles in detail, misrepresented experimental data, and
left central problems unidentified. In an attempt to unify and extend the perspectives, I
will discuss guiding principles for order vs. disorder in gene expression, noisy signaling
cascades, and homeostatic feedback loops. The analyses emphasize inherent fluctuation
trade-offs in weakly nonlinear systems, and strongly non-linear or non-Markovian
strategies for breaking the trade-offs. Conclusions are based on exact solutions to Master
Equations, a reinterpretation of the Fluctuation-Dissipation Theorem, and Stochastic
Control Theory.
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Modeling of AMPA-Triggered Calcium Dynamics in Retinal Horizontal Cells
Shi-Yong Huang1, Yu Liu1 and Pei-Ji Liang1,2,CA
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2. Department of Biomedical Engineering, Shanghai Jiao Tong University, 1954 HuaShan Road, Shanghai 200030, China
Tel: (86) 21-64070495 Fax: (86) 21- 64070495 E-mail: pjliang@sjtu.edu.cn
Background/aim: The concentration of free intracellular calcium ([Ca2+]i) in excitable
cells depends primarily on two factors. One is calcium dynamics between the cytoplasm
and extracellular environment; the other is calcium dynamics between internal calcium
stores and the cytoplasm [1]. In the enzymatically dissociated retinal horizontal cells, it
has been identified that the processes related to regulation of [Ca2+]i were Ca2+-permeable
AMPA receptor, voltage-dependent Ca2+ channel, Na+/Ca2+ exchanger, and Ca2+ pump[2,
3]. It was also found that horizontal cells contained caffeine-sensitive non-mitochondrial
intracellular calcium stores, which could further generate calcium-induced calcium release
(CICR) by Ca2+ entering through the plasma membrane [4]. The aim of the present study
is to investigate the role of caffeine-sensitive calcium store in AMPA-induced calcium
dynamics and to elucidate the interaction between calcium store and Ca2+ regulation
mechanisms in retinal horizontal cells.
Methods: Fura-2 fluorescent calcium imaging on freshly dissociated horizontal cells of
the carp retina was used to measure [Ca2+]i, and a two-compartment mathematical model
containing endoplasmic reticulum (ER) membrane processes and plasmas membrane
processes was constructed for quantitative analyses of the AMPA-triggered calcium
dynamics.
Results: A transient increase followed by a sustained high level of [Ca2+]i in isolated
retinal horizontal cells was observed when 100 µM AMPA was applied. The initial
transient increase of [Ca2+]i was suppressed by exogenously applied caffeine, but
remained unaltered when an antagonist of voltage-dependent Ca2+ channel, nifedipine,
was applied. The sustained high level [Ca2+]i was kept intact during the application of
either drugs. The model analysis result revealed that the AMPA-triggered calcium
dynamics involved a few cytoplasmic and endoplasmic processes that interact with each
other.
Conclusions: Calcium store is an important part for the calcium signaling in retinal
horizontal cells. The swift increase of [Ca2+]i was caused by CICR from caffeine-sensitive
intracellular calcium store which was sufficiently triggered by the Ca2+ influx via Ca2+permeable AMPA receptors and the sustained high level of [Ca2+]i is resulted from the
dynamic balance of plasma membrane calcium components.
[1] M. J. Berridge, Neuron 21, 13-26 (1998)
[2] T. Okada and et al., Eur. J. Neurosci. 11, 1085-1095 (1999)
[3] Y. Hayashida and T.Yagi, J. Neurophysiol. 87, 172-182 (2002)
[4] C. L. Linn and AC. Gafka, J. Physiol. 535, 47-63 (2001)
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Researchers in computational systems biology make use of a large number of different
software packages for modeling, analysis, visualization, and general data manipulation. In
this talk I will describe the Systems Biology Workbench (SBW), a software framework
that allows heterogeneous application components to communicate and use each others'
capabilities via a fast binary encoded-message system. The goal is to create a simple, high
performance, open source software infrastructure which is easy to implement and
understand. SBW enables applications (potentially running on separate, distributed
computers) to communicate via a simple network protocol. The interfaces to the system
are encapsulated in client-side libraries that we provide for different programming
languages. I will describe the SBW architecture, a selection of current modules, and
current development projects.
One project in particular deals with three dimensional simulation and visualization of
simple reaction-diffusion systems. (Simple referring to a well stirred reaction-volume and
two species interaction.) The ultimate aim of this project is the investigation of sub
cellular structure and pattern formation as well as the investigation of spatial effects in
metabolic processes. Simulation and visualization engine have been designed in an open
way. Thus different reaction-diffusion systems can be investigated (either by using plug-in
DLLs or SBW/Jarnac). In contrast to previous work done in this field the reaction volume
can be configured freely through insertion of species concentration, channels or
membranes.

[1] Sauro, Herbert M.; Hucka, Michael; Finney, Andrew; Wellock, Cameron; Bolouri,Hamid;
Doyle, John and Kitano, Hiroaki: “Next Generation Simulation Tools: The Systems Biology
Workbench and BioSPICE Integration” Omics A Journal of Integrative Biology, 1 December
2003, vol. 7, no. 4. Pages: 355-372

S8-4
Single cell oscillator: the circadian clock in bacteria
I. Mihalcescu1*, M. Amdaoud1, W. Hsing2, S. Leibler3
1

Lab. de Spectrométrie Physique, Université Joseph Fourier – Grenoble I, BP87
38402 St Martin d’Heres Cedex, France,
2
W. Hsing, Department of Molecular Biology, Princeton University, NJ 08544 USA,
3
S. Leibler, The Rockefeller University, 1230 York Avenue, New York, NY 10021USA
* corresponding author: tel. +33476514759, fax. +33476635495 email
imihalce@spectro.ujf-grenoble.fr,

Background/aim: Circadian clock, the mechanism that tells an organism the time of the
day independent of environmental cues, has been shown to exist in a wide variety of
living things including mammals, vertebrate, flies, plants, fungi, alga and more
recently cyanobacteria. The unicellular photosynthetic bacterium, Synechoccocus
elongatus sp. PCC7942, is among the simplest organisms having a circadian clock.
Results: In the present study, we managed to measure gene expression under
circadian control in a single cell, directly demonstrating that the circadian clock is a
property of individual bacteria and not only of a population of cells. We quantified the
stability of individual oscillators and their phase dispersion trough successive cell
divisions. Finally, we selected neighbouring cells with different initial phases of
oscillation and then monitored the time evolution of their descendants.
Methods: We used for that the bacterial luciferase reporter gene system, a precise
and non-perturbing method previously used in many studies of circadian clock in
cyanobacteria. We implemented a new experimental set-up, allowing the bioluminescence
imaging at high magnification and very low light level (typically 10 photons/minute) for
extended periods of time.
Conclusions: Our study demonstrates that in addition to usual requirements for the
circadian clock (self-sustained oscillations with a period close to 24 hours, temperature
compensation and entrainment to 24h period by external factors) the circadian genetic
network in cyanobacteria has to deal with the presence of stochastic internal and
environmental fluctuations. By measuring the characteristics of individual cellular
oscillators, we show that despite such fluctuations the circadian oscillator of these
unicellular organisms has a strong stability in time (with a correlation time of several
months). Moreover, our results indicate that the genetic network has to insure this stability
at the intracellular level, as the interaction between oscillators appears to be negligible.

S8-5
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Background/aim: The action of different agonists on the membrane of smooth muscle
cells induces cell contraction via Ca2+ release from the sarcoplasmic reticulum (SR).
Acetylcholine (ACh) is one of the most efficacious contractile agents of airway smooth
muscles. Several experimental data show that Ach induces cytoplasmic Ca2+ oscillations
and it is widely accepted that in this case Ca2+ oscillations are controlled by inositol 1,4,5–
trisphosphate (IP3) – activated mechanism via IP3 receptors located in the sarcoplasmic
membrane. The aim of the present study is to model the initial Ca2+ redistribution within
the cell and induced Ca2+ oscillations after the blockade of plasma membrane NaK–
ATPases has been applied. Taking into consideration a new conception of micro domains
of junctional space between the plasma and the SR membrane the hypothesis of
overloading of SR with Ca2+ appeared. This hypothesis is related to the experimentally
observed elevated frequency of oscillations induced under these conditions.
Methods: A study of this phenomenon by mathematical modelling appears to be a
reasonable method. For this purpose we used a framework of the model proposed by
Haberichter et al. [1] however, we applied different values of model parameters referred to
Ca2+ binding to proteins, total Ca2+ and protein content in the cell and some other kinetic
parameters. We analysed a range of different parameter values to gain a better agreement
with the experimentally observed Ca2+ oscillations. We searched for the model
parameters, which affect the frequency of oscillations within physiologically relevant
amplitudes of Ca2+ oscillations and reasonable parameter values. We also extended the
existing mathematical model and included Ca2+ exchange across the plasma membrane,
which allowed us to simulate the Ca2+ influx and the elevation of the total Ca2+
concentration after the blockade of NaK–ATPases. For this purpose we also worked out a
detailed analysis on the kinetic parameters of Ca2+ binding to buffering proteins as well as
the analysis of all modelled Ca2+ fluxes.
Results and Conclusions: We can show that the frequency of Ca2+ oscillations is elevated
as a consequence of an increase of the total Ca2+ content in the cell. Moreover, the model
simulation of Ca2+ overload shows that solely SR is overloaded with Ca2+, whereas the
cytosolic Ca2+ concentration remains almost unaffected. These findings are in agreement
with the hypothesis of Ca2+ entry from extracellular space into the SR across the micro
domains of junctional space between the plasma and the SR membrane.
[1] T. Haberichter, E. Roux, M. Marhl, J.-P. Mazat, J. Bioelectrochem. 57,129 (2002)
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Methods for fabrication of surfactant-based nano-fluidic networks are
presented. Controlled transport and mixing of fluids and reactants were utilized to initiate
chemical reactions in addressed nodes. Applications for studying enzyme kinetics
involving 1-10 enzyme molecules are demonstrated.
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Random processes acting through dynamical systems with thresholds lie at the heart of
many natural and man-made phenomena. The thresholds here considered are general
including not only sharp or “hard” boundaries but also a class of dynamical, nonlinear
system functions some of which are themselves mediated by the noise. Processes include
noise-induced transitions, postponed and advanced bifurcations, noise enhanced
propagation of coherent structures, and stochastic resonance and synchronization.
Examples of these processes are found in a wide range of disciplines from physics and
chemistry to neuroscience and even human and animal behavior and perception. I will
discuss some of these examples connecting them with their fundamental dynamical
origins.
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The relation of different-scale membrane processes under nitric oxide influence
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Background/aim: Rhythmic activity, synaptic transmission and propagation of excitation depend
on the processes taking place at deferent cellular levels. At the same time changes of neuron
activity affect ion channels, plasma membrane and organelles condition. In many cases it is
impossible to pick out primary process triggered all others. We aimed to study the relationship
between changes of the membrane properties at various scales (ion channels, membrane viscosity,
membrane-bound Ca2+ (Ca2+mb)), neuron activity and morphological characteristics of neurons
under the influence of nitric oxide (NO).
Methods: Ion channel activity was recorded by patch-clamp technique in inside-out configuration.
Microviscosity of intracellular membranes and the amount of Ca2+mb were estimated by resonance
Raman spectroscopy and fluorescent microscopy respectively. By using microelectrodes and
dynamic phase microscopy we studied activity and morphological characteristics of neurons. The
objects were neurons of Hirudo medicinalis and Lymnaea stagnalis. As NO-donor we use sodium
nitroprusside.
Results: We have shown that NO activated voltage-dependent K-channels and led to the
redistribution of the Ca2+mb in neurons. Kinetics of Ca2+mb redistribution differed for plasma and
intracellular membranes. NO caused the decrease in the microviscosity of neurons subcellular
membranes. We revealed that neuron rhythmic activity correlated with intracellular membrane
microviscosity. It seems that the modification of neuron rhythmic activity causes the change of
organelles membrane viscosity and vice versa. Phase portrait of neuron was used as integral
morphological characteristic. It depends on the cell geometric size and optical density of
subcellular structures. It was established that NO caused changes of neurons phase portrait that is
related with the modification of plasma membrane physicochemical properties, changes of the
neuron volume and shape and structural reorganization in cytoplasm (vesicles movement,
reorganization of microtubules, etc.). Some of these changes were periodic, so it was possible to
establish processes rates.
Conclusions: We have shown that NO (and in all probability others transmitters and messengers)
brings to the changes of neurons processes at different scales. NO-induced activation of Kchannels may be among causes of Ca2+mb redistribution on the plasma membrane. Change of the
Ca2+mb amount for its turn affect plasma membrane viscosity, ion channels activity and membrane
potential [1]. We suppose that NO through modification of the neuron excitability leads to the
changes of intracellular membranes viscosity and thus may result in the modulation of ATP-ases,
ions exchangers and membrane-bound enzymes activity. NO also affects such integral neuron
characteristics as volume, shape and optical density. These changes may also have an effect on the
neuron functioning.
[1] B. Hille, Ionnic channels of exitable membranes. University of Washington, Washington
(1992)
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Background: It was proposed that the extended surround of the non-classical receptive
field of retinal ganglion cells might be formed from the mutual inhibition among the
amacrine cells. Experiments showed that there were orientation bias for the whole
receptive field, the center and the extended surround. The aim of this paper is to support
the first assumption and try to explore the possible mechanism underlying the
orientation bias.
Methods: A three-layer model of the non-classical receptive field of retinal ganglion cells
was constructed. The first layer represents receptor - bipolar cell; the second layer is
amacrine cell layer, in which every amacrine cell receives both excitation from bipolar
cells and inhibition from other amacrine cells; the third layer is the ganglion cell layer, in
which every ganglion cell receives both excitation from bipolar cells and inhibition from
amacrine cells. All the weighting functions are elliptic Gaussian. Simulations were done
with different stimulus patterns and different weighting functions.
Results: Both area responses and orientation bias can be simulated successfully.
Simulation shows that the response gradually increases to a top, then drops to a valley
and increases again with the grating stimulus area. The border of the classical receptive
field is related to the spatial frequency of the grating. Simulation shows that the
orientation bias of the whole receptive field may dominated by the center, or by the
extended surround, or even vanishes although both center and surround show strong bias
as experiments showed. Results hint that the orientation bias may mainly decided by the
elliptic shape of the dendrite field of the ganglion cell, while the shape of the dendrite
field of amacrine cell has little influence.
Conclusion: Mutual inhibition among the amacrine cells plays a key role in the formation
of extended surround in the non-classical receptive field of the retinal ganglion cell, its
orientation bias may be mainly determined by elliptic shape of its dendrite tree, while
amacrine cells have little effects.

2
3

This work was supported by the National Science Foundation of China.
Corresponding author
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Background/aim: We investigate the interplay of recurrence and noise in neural networks
trained to categorize spatial patterns of neural activity.
Methods: We first train a 2-level perceptron in the absence of noise (Fig 1a). Training is
achieved by gradient-descent method with the goal of associating stimulus signals
(sampled using N input neurons) to a desired response signal (sampled using N output
neurons). The spatial signatures of the signals are encoded collectively by the mean,
variance and amplitude of a Gaussian fit. Following training, we identify the input and
output units of the feed-forward network, and thus convert it into a two-layer recurrent
network (Fig 1b).
Results/Conclusion: We demonstrate that the introduction of recurrence extends and
homogenizes the operating range of a neural network designed to categorize spatial
patterns of neural activity (Fig 2). Also, we show that the performance of the reconnected
network has features reminiscent of stochastic resonance: the addition of noise
(corresponding to spontaneous neural activity) enables the network to correctly categorize
stimuli of subthreshold strength , with optimal noise magnitude significantly exceeding
the stimulus strength.
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Fig 1. Network architecture. a) The 2-level
perceptron: fI(x) = x while fH and fO represent
thresholded neurons. b) The collapsed two –
layer recurrent network, now with each node
acting as thresholded neuron ( f = fI(fO) ). wijk
and vjk are the synaptic weights.

Fig 2. Average success rate of the a) nonrecurrent and b) recurrent neural network as
a function of noise magnitude α (uniform
white noise with zero mean). Each line
corresponds to a particular stimulus strength
(strength 1.0 was used during training).
Averages are over 50 noise presentations.
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Neocortical circuitry is highly connected, and, at the sub-mm length scale, quite
random. This makes it an ideal system to study using methods from mean field spin glass
theory. One thus reduces the network problem to a single-neuron one with a Gaussian
noisy input, the mean and correlations of which have to be determined self-consistently
from the neuron’s firing statistics. This reduction can be performed for any kind of model
neuron and model synapse; in the investigations I will describe we used leaky integrateand-fire ones and the simplest synaptic model: a presynaptic spike causes a brief current
pulse, of fixed strength, to be injected into the postsynaptic neuron. Because of the
asymmetry of the synaptic connections, the retarded self-interaction present in the spin
glass problem is absent. However, this asymmetry also violated detailed balance, so
equilibrium statistical mechanics can not be used for this “dynamical glass” system.
A simple ansatz for the form of the correlation function can describe general states with
asynchronous irregular firing. While the firing rates in such a state can be found by
simple algebra, the full problem, including calculating the correlations self-consistently,
requires numerical treatment. From our solution, we have been able to see how observed
features of the firing statistics depend on single-neuron and synaptic properties. In
particular, for suitable parameters, the calculated Fano factor (spike count variance/mean
spike count) is greater than 1 and increases with firing rate, in agreement with experiments
in primary visual cortex.
We have extended the model in several ways: (1) to include improved models of the
synapses, and (2) to couple a number of different such networks together to model a
slightly bigger piece of cortex, in a way based on the known anatomy of primary visual
cortex.
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Background/aim: Recently, we have shown that in isolated pyramidal neurons in entorhinal cortex,
application of successive input pulses can generate multiple stable graded levels of action potential
firing in a line-attractor like manner [1]. The process depends on the stimulation of metabotropic
(muscarinic, mGluR1) receptors, and the activation of a cationic current. The process does not
depend on synaptic interaction between neurons.
Methods: In this work we have utilized computational modeling to elucidate possible intracellular
mechanisms involved in the generation of stable graded levels of firing. We have used a multicompartmental representation of the cell membrane and a Hodgkin-Huxley-like formalism for the
ion channels, and 1-D diffusion of calcium.
Results: The model replicates the stable graded firing levels which can be changed up and down
and which are not affected by short distractor inputs. Our simulations show that the stable graded
spiking activity observed experimentally is not accomplished merely by extensive balancing of
currents across an interval of voltage [2], as that approach generically leads to slow oscillations in
the activity around the stable point. Further, as available data on processes related to Ca generally
show inactivation or desensitization e.g. of the Ca-channel itself or of the Ca-buffers, models based
on tonically sustained Ca-diffusion [3] will not be stable when Ca-related processes
inactivate/desensitize. Further, recent experiments using thapsigargin or CPA show that the stable
levels do not depend on processes related to Ca-stores (A. Alonso, unpublished). Instead, models
based on shifts in the balance of kinases and phosphatases due to transient changes in Ca, as the one
presented in this work, are supported. The model predicts, in accordance with our experimental
data, the transient spike frequency changes following de- and hyperpolarizing stimulations, as well
as membrane potential time course following stimulation in TTX.
Conclusions: We propose that the core mechanism is a Ca-induced activation of kinases or
phosphatases affecting the Ca-sensitivity or channel open time of the CAN-current in a hysteresislike manner [4]. On the basis of lesions and imaging studies, it has been suggested that while
working memory operations in prefrontal cortex may be important for monitoring familiar stimuli,
the medial temporal lobe may be more important for matching and maintenance of novel stimuli.
Indeed, the intrinsic persistent activity displayed by these cells represent an ideal mechanism for
sustaining information about a novel stimulus for memory guided responses in behavioral tasks.
[1] A. Egorov, B. Hamam, E. Fransén, M. Hasselmo, A. Alonso Nature 420, 173-8 (2002)
[2] D. Durstewitz J. Neurosci 23, 5342-53 (2003)
[3] Y. Löwenstein, H. Sompolinsky, Nature neurosci 6, 961-7 (2003)
[4] E. Fransén, A. Egorov, M. Hasselmo, A. Alonso, Soc Neurosci. Abstr 29, 557.6 (2003)
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During a night's rest, the sleeping brain cycles between periods of awake-looking cortical activity
(high-frequency, low-amplitude desynchronised EEG) referred to as “paradoxical” or REM (rapideye-movement) sleep, and nonREM activity (~80% of sleeping time) characterised by lower
frequencies, higher amplitudes, and longer correlation times. At present there is no theoretical
framework to explain sleep cycling, nor any consensus as to its purpose.
Here we present a first step towards a physics-based theory of the gross cortical features of the
cycles within natural sleep. The present work, an extension and refinement of our phase-transition
theory for general anaesthesia [1], models the cortex as a homogeneous collection of
macrocolumns (neural aggregates) driven by subcortical white noise. The resulting fluctuations of
Ve, the macrocolumn-averaged excitatory soma voltage, are assumed to be the source of the scalpmeasured EEG.
The onset of REM is believed to be initiated by the firing of the REM-on cells located within the
pontine reticular formation [2]. These cells have excitatory projections that activate the cortex by
release of the acetylcholine (ACh) neurotransmitter. We model the REM/nonREM cycling as a
modulation of the strength of the excitatory post-synaptic potential (EPSP): a large EPSP response
corresponds to enhanced ACh concentrations in the cortex, and vice versa. At the opposite
extreme is slow-wave sleep (SWS), the deepest stage of nonREM sleep. Every few seconds during
SWS, the thalamus (the gateway for sensory information to the cortex) bombards the cortex with
bursts of nonsensory firing activity [3]. We model this thalamic bursting as a step change in the
level of nonspecific subcortical flux φsc that only occurs at diminished levels of ACh.
The model calculations for the (Ve vs ACh vs φsc) locus of steady states form a 3-D manifold
whose projections onto the Ve –ACh and Ve –φsc axes give cubic-like S-bends with unstable
midbranch. Thus the model predicts a first-order phase transition not only between REM and
nonREM, but also for SWS between low and high cortical activity, these switching events
occurring at the turning points of the relevant S-bend. Clinical observations support the phase
transition predictions of increased low-frequency EEG fluctuations and prolonged correlation
times near the critical points. Because there is a hysteresis separation between jump points, there
is work done per REM/nonREM cycle (net charge transfer across the synaptic potential
difference). We speculate that the purpose of this “somnowork” may be to reorganise synaptic
weights, “refreshing” the cortex for another day of information processing.
[1] M.L. Steyn-Ross, D.A. Steyn-Ross, J.W. Sleigh, D.R. Whiting, Theoretical predictions for
spatial covariance of the EEG signal during the anaesthetic-induced phase transition, Physical
Review E 68, 021902 (2003)
[2] A. Rechtschaffen and J. M. Siegel, Sleep and Dreaming, In: E.R. Kandel, J.H. Schwartz, T.M.
Jessell (Eds.), Principles of Neuroscience, 4e, McGraw-Hill, NY (2000)
[3] T.J. Sejnowski and A. Destexhe, Why do we sleep? Brain Research 886, pp.208-223 (2000)
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The assembly and dynamical stability of the earliest genomes is a crucial problem in the
origin of life, both in terms of structural chemistry and kinetics. It is not yet clear how
long prebiotic replicators could have emerged; whether they had come before or after
vesicle formation. In any case, the earliest replicators could not have been long enough to
harbour several genes, as pointed out by Eigen: some means of dynamical coexistence of
several genes may thus mandatory. What these mechanisms were, is subject of intensive
investigation. I will show how replicators spreading on surfaces could have remained in
coexistence, and how they could have acquired metabolic and replicase functions by virtue
of the fact that they were interacting with their neighbours only, and were subject to
limited dispersal.
When encapsulated in vesicles, templates could have been the target of efficient group
selection, provided genome fusion was not too frequent. The stochastic corrector model
describes the dynamics of replicators cooperating but also competing in reproducing
compartments. The chemoton theory of Tibor Gánti serves as the chemical model of such
metabolizing and dividing units.
It can be shown that recombination between different copies of the same gene can have a
beneficial effect on the fitness of the stochastic corrector, and thus can raise the error
threshold, i.e. longer genomes can be selectively maintained. There is strong selection for
replication synchrony and, ultimately, for chromosome formation.
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Assembling non-biological materials (geomaterials) into a proto-organism constitutes a bridge
between nonliving and living matter. In this paper we present a simple step-by-step route to
assemble a proto-organism. Many pictures have been proposed to describe this transition within
the origins of life and artificial life communities and more recently alternative pictures are
emerging from advances in nanoscience and biotechnology [1-11] The proposed proto-organism
lends itself to both traditions and defines a new picture based on a simple idea: Given a set of
required functionalities, minimize the physicochemical structures that support these functionalities,
and make sure that all structures self-assemble and mutually enhance each other’s existence. The
result is the first, concrete rational design of a simple physicochemical system that integrates the
key functionalities in a thermodynamically favorable manner as a lipid aggregate integrates protogenes and a proto-metabolism. Under external pumping of free energy, the metabolic processes
produce the required building blocks, and only specific gene sequences enhance the metabolic
kinetics sufficiently for the whole system to survive.
We propose a concrete experimental implementation of the proto-organism with a
discussion of our experimental results, together with relevant results produced by other
experimental groups, and we specify what is still missing experimentally. Identifying the missing
steps is just as important as providing the road map for the transition. We derive the kinetic and
thermodynamic conditions of each of the proto-organism subsystems together with relevant
theoretical and computational results about these subsystems. We present and discuss detailed 3-D
simulations of the lipid aggregation processes. From the reaction kinetics we derive analytical
aggregate size distributions, and derive key properties of the metabolic efficiency and stability.
Thermodynamics and kinetics of the ligation directed self-replication of the proto-genes is
discussed, and we summarize the full life-cycle of the proto-organism by comparing size,
replication time, and energy to biomass efficiency of contemporary unicells. Finally, we also
compare our proto-organism picture with existing origins of life and protocell pictures.
By assembling one possible bridge between nonliving and living matter we hope to
provide a brick in the ancient puzzle about who we are and from where we come.
[1] C. Hutchinson et al., Science 286 (1999) 2165
[2] J. Szostak et al., Nature 409 (2001) 387
[3] A. Pohorille & D. Deamer, Trends Biotech. 20 (2002) 123
[4] L. Eckardt et al., Nature 420 (2002) 286
[6] S. Rasmussen et al., Artificial Life 9 (2003) 269
[7] M. Nilsson & S. Rasmussen, Disc. Math. & Theo. Comp. Sci., (DMCS) (2003) 31
[8] S. Colgate et al., Adv. Complex Syst., 6 (2003) 1
[9] P. Luisi, Origins of Life & Evol. Biosph. 34 (2004) 1
[10] S. Rasmussen et al., Origins of Life & Evol. Biosph. 34 (2004) 171
[11] S. Rasmussen, et al., Science 303 (2004) Feb 13.
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Space contains matter in the form of gas and tiny dust particles that is concentrated into
regions known as interstellar clouds. From spectroscopic studies of interstellar clouds
astronomers may determine their composition. Visible light does not penetrate the denser
clouds due to scattering and absorption by the dust particles, hence observations at
millimeter, submillimeter, and infrared wavelength provide a far better tool. Some 120
different molecular compounds ranging in size from 2 to 13 atoms have been
unambiguously identified, mainly via rotational emission spectra. Even larger molecules,
thought to be polycyclic aromatic hydrocarbons, are indirectly inferred from broad
infrared emission features in gas surrounding certain young stars.
Organic molecules observed in interstellar clouds and solar system bodies are of
importance for revealing the chemistry which may have led to the origin of life. During
the gravitational collapse of a cloud to form a star and its planetary system, a fraction of
the interstellar organic molecules in gaseous and solid form are thought to be integrated
into the protoplanetary disks from which planets and smaller solar system bodies later
form. Comets, small bodies of frozen volatiles spending most of their time far away from
the sun, are believed to preserve a particularly unaltered chemical record of the original
interstellar cloud. Shortly after the formation of the planets 4.6 billion years ago, the
planetary surfaces were subjected to frequent impacts of leftover solar system debris for a
few hundred million years. Life on Earth may have emerged shortly after this heavy
bombardment phase; the exact timing remains uncertain.
Extraterrestrial matter delivered to the surface of the Earth through influx of comets,
asteroids, meteorites, and dust particles may have provided a significant, perhaps even
dominant, source of prebiotic organic molecules available at the time of the origin of life.
The efficiency of synthesis of the building blocks of biopolymers, such as amino acids,
sugars, purines and pyrimidines, on the Earth’s surface is crucially dependent on the
atmospheric oxidation state: production efficiencies fall dramatically for non-reducing
atmospheres (N2, CO2) compared to those rich in hydrogenated gases (NH3, CH4). Proof
that space currently delivers at least some complex organic molecules, including amino
acids, to the Earth is provided by the analysis of recovered carbonaceous meteorites.
In this talk we briefly review the subject of organic astrochemistry and its relevance to the
origin of life. In particular, we discuss methods, their difficulties, and recent results to
determine concentrations of biologically interesting organic molecules in interstellar
clouds and comets. This is the focus of the research carried out by the astrochemistry
group at Chalmers, making use of primarily the SEST 15-meter, Onsala 20-meter, and
APEX 12-meter submillimeter telescopes, as well as the ODIN and ISO satellites.
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The problem of the origin of life has been challenging the human mind for thousands of
years. The quality of hypotheses, theories, and experiments increased with the progress in the area.
However, the complexity of the problem, misunderstanding of many facts and events at the cell
and organism levels, such as the origin and evolution of the matrix code, universal nature of the
genetic code along with the particular nature of proteins, peculiarities of the DNA structure, etc.,
forced many scientists, even outstanding ones, to adhere to some fantastic theories claiming that
the life on the Earth was due to God will, that the seeds of live were brought to the Earth from the
outer space, that life is a message from extraterrestrial civilizations or is the result of realization of
the genetical code of living systems of the antecedent universe, and so forth. The interest to
problem of origin of life continues to attract the attention of researchers. When solving this
problem, one should consider the fact that all living beings develop from a single gamete cell
containing information about the development of the whole organism.
The author has been interested in the problem of the origin of life since the early 1970s,
when he drew his attention to some peculiarities of apatite and suggested that it played a critical
role in the process of the abiogenic synthesis of organic molecules. The author presents in detail
the theory of the possibility of simultaneous hardphase synthesis of various organic molecules
from gas phase elements on the basis of the apatite matrix and cocrystallizing minerals (carbonateapatite, calcite, mica). These molecules and their ensembles gave rise to living systems and
protocells of the pro- and eukaryotic types. The synthesis might occur through gradual substitution
of mineral matrix with crystal organic matter. The structure and size of the synthesized molecules
were determined by the structure, physical parameters, and arrangement of organizing centers in
the crystal lattice. Apatite phosphates were included in a synthesized nucleic helix and determined
its size and purine–pyrimidine complementarity. Apatite and cocrystallizing minerals were
involved in the synthesis of four basic classes of cell components. Apatite was the matrix for the
synthesis of DNA and nucleoprotein complexes; carbonate-apatite, of the enzymes and other
proteins involved in DNA replication and of all RNA types and their complexes with the specific
proteins and enzymes participating in transcription and translation; calcite, of cytoskeletal
proteins; and mica, of membrane lipids and proteins. The evidence supporting this theory is
presented. A possible mechanism of the transition from crystal through organo–mineral crystal to
liquid crystal (protocell) and a model of the evolution of the matrix mechanism of transcription
and translation are proposed. Some principal problems of biochemistry and molecular biology
concerning the origin of life on the Earth are discussed.
In conclusion, we would like to point out that the proposed model provides a universal
mechanism of the origin of organic matter on the Earth or the planets of the Earth type. The
biomolecules of living systems, humic skeleton of soils, oil hydrocarbons—all these compounds
were synthesized through the interaction of the gas-phase elements with the lattices of various
minerals. In the case of biomolecules, these were apatite, calcite, crystobalite, aragonite; in the
case of humus, alumosilicates; in the case of oil hydrocarbons, minerals with the linear structure of
the crystal lattice.
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Background: The protein polypeptide chain folds into a stable, unique, highly ordered
conformation, which is necessary for maintaining its particular function. Many observations
strongly suggest that protein evolution takes place under strong structural constraints and
remotely related proteins (“remote homologs”) may still exhibit structural resemblance despite the
absence of detectable sequence similarity. Structural similarity does not necessarily imply
evolutionary divergence and can occur independently due to the limited number of topological
arrangements, such proteins are called “analogs”. So far the comparative analysis of proteins has
primarily focused on those regions that are recognizably conserved and aligned by various
methods and many researchers simply tend to ignore alignment uncertainty during the
reconstruction of evolutionary events. However, given an alignment, the conserved regions are
separated by non-conserved ones (loops), which appear to be not very critical for structural
integrity, but may be quite crucial for inferring the phylogenetic history of a protein family.
Methods: A new measure is introduced which takes into account the degree of structural
difference in non-conserved looped out regions of proteins. Using the benchmark of homologous
and analogous protein structures as a merit of success we compare this measure to the
conventional quantities based on scoring the similarity in the aligned regions. The structural
evolution of most populated structural superfolds has been studied by analyzing the difference in
loop (dis)similarity measure of proteins from the same fold at various evolutionary distances.
Results: It has been shown that the new measure can distinguish homologous from analogous
proteins with the same and in some cases even higher accuracy than conventional measures based
on comparing proteins in structurally aligned regions. This result can be attributed to the higher
sensitivity of the measure in detecting particularly evident dissimilarities in structures which can
be particularly important in gauging the homology. It has also been shown that analysis of loop
(dis)similarity of four major superfolds suggests a common evolutionary origin of all proteins
sharing these superfolds. The scores based on the aligned part alone do not provide enough data to
support this hypothesis.
Conclusion: Loops apparently do not contribute much to the protein core stability which, in turn,
makes them important in inferring the common origin between structurally similar but unrelated
proteins. Among other possible applications, the loop (dis)similarity measures can be used in
scoring the large-scale global structural similarities, in clustering protein structures with similar
overall topologies but different loop regions and in evaluating the models obtained in threading.
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Evolution is assumed to begin in a very particular compartmentalized location with
periodical conditions. A highly diversified world is the driving force for the continuous
increase in complexity by colonizing increasingly less favourable regions. Modeling the
"origin-of-life" a Darwin's cyclic process (multiplication with sporadic errors followed by
a construction-phase and selection) is simulated. Starting from a RNA-world (R-strands
building Hairpin-Assembler devices) it is shown that a simple translation apparatus
evolves producing enzymes (specific sequences of A1 and A2 monomers) obtained by
recipes (given by sequences of R1 and R2 monomers on the assembler-strands). D-strands
(sequences of D1 and D2 monomers) are introduced. These D-strands are not capable of
participating in the synthesis of A-oligomers, but they induce the formation of
increasingly complex entities of functionally interplaying components.
References:
C.Kuhn. "Computer-modelling Origin of a simple genetic apparatus". PNAS. 98, 86208626 (2001).
H.Kuhn, C.Kuhn. "Diversified world: drive of life's origin?!". Angew. Chem. 42, 262-266
(2003).
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The model for domain catalyzed isomerization kinetics in condensed fluids [S. Toxvaerd,
Phys. Rev. Lett. 85, 4747 (2000)] is applied for a diluted mixture of a chiral solute with
a consolute temperature. The solution is quench to phase separation at temperatures below
the consolute temperature. The droplet coalescence enhances the isomerization kinetics due to
the substantial excess pressure inside the small droplets given by the Laplace equation. The
domain catalyzed isomerization kinetics breaks the symmetry, and the droplets end with only
one dominating species. The model is extended by simulations of three component mixtures
with droplet formation of a solute in presence of amphifilic molecules. The simulations show
that the amphifilic molecules are squeezed out from the interior of a droplet to its surface.
We argue that D-Glyceraldehyde which is amphifilic, but only moderately solvable in water
and which has played a crucial role in the evolution is a candidate for the stereo specific
ordering and micelle formation of bioorganic matter.

Symposium 11:
Complex Systems in Biological Physics

S11-1
Dynamic Phenomena and Force Generation in Cells
Frank Jülicher
Max-Planck-Institute for Physics of Complex Systems,
Nöthnitzer Straße 38, 01187 Dresden
Tel.: +49 351 8711202 Mobile: +49 16097836315 Fax: +49 351 8711299
julicher@mpipks-dresden.mpg.de
Living cells exhibit a remarkable variety of active behaviors. Material is transported
within cells, cells divide and many cells can swim or crawl along substrates. The
cytoskeleton of eucaryotic cells is the prototype system to study these active and dynamic
phenomena. The molecular basis of active behaviors are highly specialized protein
molecules which transduce the chemical energy of a fuel to mechanical work and motion.
The activity on the molecular scale can lead to complex dynamic behaviors of more
integrated systems as a result of the interaction of many components. The cytoskeleton can
on larger scales be viewed as a complex gel-like material driven far from thermodynamic
equilibrium due to active processes. The physical properties and the generation of stresses
and motion can be described by a hydrodynamic theory which captures general features of
such systems and can also be linked to more microscopic approaches. The complex
dynamics of cellular structures can in some cases be understood as resulting from the
interplay of cytoskeletal filaments with motor molecules. During asymmetric cell division,
which leads to daughter cells of unequal size, oscillations of the mitotic spindle often
occur. The collective action of motor proteins provides a simple physical mechanism,
which is in quantitative agreement with the observed properties of these oscillations.
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Translocation of polymers across the nanopores plays a critical role in many biological,
chemical, physical phenomena and industrial processes. Recent experiments on voltagedriven DNA and RNA translocations indicate that the size and geometry of the pore are
important factors in dynamics of polymer threading. We investigate the dynamics of
polymer translocation using a simple theoretical model and via Molecular Dynamics
simulations. We find that a minimalist computational model along with the simple
theoretical explanations, based on the framework of free energy landscapes, is sufficient to
capture all the experimentally observed observations, trends and scaling behavior, namely,
1) two translocation regimes depending on the ratio between the nanopore length and the
polymer length; 2) three different regimes for the probability of translocation depending
on applied voltage; 3) an exponential dependence of translocation velocity on applied
field; and 4) an exponential decrease of the translocation times with temperature increase.
Our approach can be used as a starting point for understanding of the mechanisms of
polymer translocation through the nanopore.
Contact author: Anatoly B. Kolomeisky, tel. (713) 348-5672; fax (713) 348-5155;
E-mail: tolya@rice.edu
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When E. coli bacteria grow in rich media, the average rate of protein synthesis per
ribosome is greater than during growth in amino acid lacking media with poor carbon
source. This suggests that the rate of supply of several amino acids limits the rate of
protein elongation on ribosomes in slowly growing bacteria, in line with the observation
that when amino acids are added to bacteria growing in minimal media, there is a rapid
increase in protein synthesis by 40%, before de novo synthesis of tRNAs, ribosomes and
translation factors has taken place. We have modeled amino acid limited protein synthesis
in bacteria to analyze regulation of amino acid synthesis under such conditions. The
analysis shows that bacterial control systems cannot maintain homeostasis under amino
acid limitation. The reason is the remarkable sensitivity amplification in the response of
two or more aminoacyl-tRNAs to a change in one of the amino acid synthetic flows. Only
one amino acid will be rate limiting and the level of only one charged tRNA will be near
zero at any one time in a single cell. Even if the rates of synthesis of several amino acids
could be exactly balanced, the levels of their charged tRNAs would display very large
stochastic fluctuations so that the concentration of only one aminoacyl-tRNA at the time
would also in this case be at a near-zero level. We use these results to discuss the accuracy
of protein synthesis, regulation of the expression of amino acid synthetic operons, the
onset of the stringent response and other features of bacterial physiology.
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Background/aim: Different experiments have shown a condensation and a subsequent
redissolution of DNA for increasing polyamine concentration CQ [1,2] occur at concentrations Cc
and Cd respectively. For Cc < CQ < Cd, there is a coexistence of a liquid-like dense DNA phase and
a very dilute DNA solution. Several theoretical explanation have been presented for the
condensation based on counterion-induced attractions between the DNA molecules. However, the
origin of the redissolution transition is not understood and is still controversial.
Methods: We investigate the condensation and redissolution of DNA on a full molecular level by
using primitive-model computer simulations. We trace back the reentrance to attractions in the
distance-dependent effective potential between the DNA molecules.
Results: As CQ increases, the DNA-DNA effective potential first becomes attractive with a single
minimum, and then develops a second minimum at larger distances once the DNA molecules are
overcharged. The positions and depths of minima and the height of the repulsive barrier between
these two minima strongly depend on CQ, see Fig.1. Mapping the system of parallel DNA
molecules onto interacting disks and using both the perturbation theory for liquids and the lattice
sum method for solids we define a full phase diagram for the system under consideration.
Conclusions: We show that the experimentally observed DNA reentrance and the coexistence of
hexagonal and cholesteric phases in the DNA precipitates could be relevant to the four different
states shown in the phase diagram in Fig.2.
[1] J. Pelta, F. Livolant, J.-L. Sikorav, J. Biological Chemistry 271, 5656 (1996);
J. Pelta. D. Durand, J.Doucet, F. Livolant, Biophys. J. 71, 48 (1996).
[2] M. Saminathan, T. Thomas, A. Shirahata, C. K. S. Pillai, T. J. Thomas,
Nucleic Acids Research 30, 3722 (2002).

Fig.1
Fig.2
Fig. 1. DNA-DNA effective potential for salt concentration cs=25mM and CQ= 0mM (1), 0.1mM
(2), 0.8mM (3), 18mM (4), 65mM (5), 160mM (6), 280mM (7), 400mM (8).
Fig. 2. Phase diagram for hard disks interacting with potential U(R) from Fig.1. The dense-dilute
boundary is calculated in the framework of liquid perturbation theory for 20×Pitch long DNA
molecules. The solid I-solid II transition line is calculated using the lattice sum and double-tangent
construction methods.
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Background/aim: When a population of genetically identical cells is exposed to
sufficiently strong antibiotic treatments, such as penicillin, most of the population is
killed. However, when the antibiotic is removed, a small fraction of the cells survives.
These cells have not genetically acquired antibiotic resistance: they re-grow a new
population that is as sensitive to the antibiotic. This phenomenon, termed bacterial
persistence, was first reported for Staphylococcal infections treated with penicillin(1) and
has since been observed in many bacterial species. Despite being observed almost 60 years
ago, the mechanism behind persistence remains a puzzle(2). To understand whether
persistent bacteria differ from others before exposure to antibiotics, we investigated the
persistence of Escherichia coli at the level of single cells using specially conceived
microfluidic devices.
Methods: The devices were fabricated using soft lithography layers(3), in which a
transparent membrane was inserted. They allowed the separate growth of single bacteria
under varying conditions in micro-channels.
Results: We show that persistence is linked to pre-existing heterogeneity in bacterial
populations. Quantitative measurements lead to a simple mathematical description of the
persistence switch, revealing its characteristic time scales.
Conclusions: The use of microfluidics allowed quantitative measurements and analysis
of bacterial populations dynamics that was not attainable otherwise. The observed inherent
heterogeneity of bacterial populations may play an important role in adaptation to
fluctuating environments, and in the persistence of bacterial infections such as tuberculosis
where a single bacterium can start an infection(4).

References
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Background/aim: It has been intimated that the solution properties of globular proteins
may bear relation with their crystallization properties. Since the characterization of
proteins commands ever more attention, such a contention is of considerable interest so
much work has been carried out on this topic recently.
The difficulty of setting up a predictive theory of protein suspensions based on what is
known about the interaction between two proteins has been acknowledged for some time.
Best fitting of the osmotic pressure of, for instance, bovine serum albumin up to 100 g /l,
leads to effective excluded volumes whose behavior as a function of salt is enigmatic.
In recent years, there has been a tendency to forget about all detail of the protein
interaction altogether—both attractive and repulsive—and simply introduce a single
adhesion parameter. Despite the electrostatic repulsion which is substantial, the data are
often merely rationalized in terms of the bare protein diameter within the context of an
adhesive sphere model and such an approach seems to have merit. This empiricism has
prompted us to develop a theory of screened charged protein spheres that have a constant
stickiness, where the electrostatic interaction is compensated, in part, by the adhesive
forces.
Methods: A theory is set up of spherical proteins interacting by screened electrostatics
and constant adhesion, in which the effective adhesion parameter is optimized by a
variational principle for the free energy. An analytical approach to the second virial
coefficient is first outlined by balancing the repulsive electrostatics against part of the bare
adhesion. A theory similar in spirit is developed at nonzero concentrations by assuming an
appropriate Baxter model as the reference state. The first-order term in a functional
expansion of the free energy is set equal to zero which determines the effective adhesion
as a function of salt and protein concentrations.
Results: The resulting theory is shown to have fairly good predictive power for the ionicstrength dependence of both the second virial coefficient and the osmotic pressure or
compressibility of lysozyme up to about 0.2 volume fraction.
Conclusions: We have presented a fairly good theory of the ionic-strength dependence of
the osmotic properties of lysozyme in terms of a sticky interaction which is independent of
charge or salt concentration. This conclusion, by itself, is not new for it has been reached
earlier by formulating numerical work incorporating short-range forces and screened
electrostatics and comparing it with X-ray scattering and liquid-liquid phase separation.
The merit of the current analysis is its transparency because it is analytical and it is based
on a nonperturbative variational principle for general short-range potentials so it may be
readily generalized.
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Background/aim: Chromatin structures beyond the level of the linear array of nucleosomes play
an essential role in gene regulation, repair processes and pathogenic rearrangements in
eukaryotes[1]. Changes in functional activity are assumed to be tightly coupled to changes in the
chromatin structure. Thus, a full understanding of genome function is not possible without detailed
investigations of functional chromatin structure and its control, requiring appropriate tools for
quantitative analysis. We investigate qualitatively and quantitatively the structural formation of the
chromatin fibre on a multiscale level: first the formation of 1Mbp chromatin domains and finally
the formation and interaction of these domains in the entire chromosome.
Methods: To investigate the mobility of „virtual“ supramolecular complexes in relation to the
accessibility of „virtual“ active/inactive chromatin domains within the nuclear volume, the „Multi
Loop Subcompartment (MLS)“ model[2] will be used for the simulation of the overall structure of
chromosome territories. As a foundation for simulation we use the continuous backbone mass
model[3]. It uses non-spherical force fields for the non-bonded interaction. The main idea of this
approach is to generalize the united atom model in a way that larger atom groups are combined to
one construction unit, but the possible anisotropy of these groups is still taken into account. The
simplest anisotropic geometrical object one can think of is an ellipsoid of rotational symmetric
form and thus it is considered as the interaction volume of the chemical sequences.
Results: On the scale of the 1 Mbp domains we observed
that a block co-polymer structure of attractive and repulsive
monomers induces the formation of rosettes. The diameter
of these rosettes depends primarily upon the number and
sequence of attractive monomers (see Fig. 1). Experimental
data of domain diameters of 300-800nm implies that such
domains consist of 6 to 16 loop rosettes. On the scale of the
entire chromosome, we observe distribution of rosettes
between 6 to 16 loops as well without further assumptions.
This yields a chromosome size agreeable with the diameter
of the nucleus.
Conclusions: The compactification of chromatin in the
chromosome can be explained by an inert block copolymer structure. The MLS model can be verified and our predicted loop numbers per rosette
automatically reproduce on the chromosomal scale. The simulation showed that the size of the
entire chromosome is of the right order compared to the nucleus. The data given for the individual
rosette size suggests that attractive segments occur in about 150kbp. This sets a solid framework
for experiments.
[1] Cremer, T. and Cremer, C., Chromosome territories, nuclear architecture and gene regulation
in mammalian cells, Nature Reviews Genetics, 2, 292-301 (2001)
[2] Münkel, Ch. and Langowski, J., Chromosome structure predicted by a polymer model, Phys.
Rev. E 57, 5888-5896 (1998)
[3] Schöppe G. and Heermann D.W., Phys. Rev. E, 59, 636-641 (1999)
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The functioning of biological macromolecules is determined by their
tertiary structure and different types of semiflexible polymers in solutions exhibit a
variety of conformational phase transitions . Even modest conformational changes
modify long-range electronic interactions in oligopeptides, they may remove steric
hindrances and open the pathways for molecular motions which are not available in rigid
proteins. A distinctive feature of biological polymers is that their elementary sub-units
have a complex structure and can carry long-lived nonlinear excitations.
A simple phenomenological model for describing the conformational dynamics of
biological macromolecules via the nonlinearity-induced instabilities is proposed. It is
shown that nonlinear excitations may act as drivers giving impetus to conformational
dynamics of biopolymers.
Two items are planned to discuss.
1. The role of buckling and collapse ( i.e. coiling up) instabilities in the folding of
biopolymers will be considered both analytically and through the numerical simulation of
the three-dimensional dynamics of a long semiflexible chain in the aqueous solution.
2. The role of nonlinear excitations in the conformational dynamics of closed semiflexible
aggregates will be also discussed. It will be demonstrated that in the presence of excitonic
excitations initially circular aggregates may undergo transformation to an elliptical
shape and possible application to aggregates of bacteriochlorophyl a molecules will be
considered.
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Trans-membrane currents in ligand-gated ion channels are calculated in a non-equilibrium,
chemically open whole cell system or patch of membrane [1]. The model is lyotropic in
the sense that dynamics, and parameters such as ligand concentration for half-maximal
response (scale of response), and threshold for firing in neurons are nonlinear functions of
the reactant concentrations. The derived total current fits recorded data significantly better
than those derived from mass action, Ising, and other equilibrium type models, in which
the derived response can be displaced from the assessed response by several orders in the
ligand concentration [2,3]. Also, the derived slope of response is in perfect agreement with
the values assessed.
A comparison of the model obtained [1,4] with an Ising like model [5] provides a direct
methodology to obtain the correct non-equilibrium scaling dependence of Ising like
models on the reactant concentrations.
[1] L. Matsson, V. Sa-yakanit, and S. Boribarn. Neurochem. Res., 28 (2003) 379-386.
[2] R. Barlow and J. F. Blake. Trends Pharmacol. Sci., 10 (1989) 440-441.
[3] T. P. Kenakin. Trends Pharmacol. Sci, 10 (1989) 18-22.
[4] L. Matsson. J. Biol. Phys, 27 (2001) 329-359.
[5] Y. Liu and P. Dilger. Biophys. J., 64 (1993) 26-35.
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The higher biopolymers (DNA, RNA, proteins) occur naturally in non-trivial topological
states such as knots, catenated rings, or pseudoknots [1]; inter alia, this effects a mobility
dependence of the biopolymer on the topology, and it has to be understood how certain
topology-altering enzymes may in fact determine the (global!) topology when changing
the degree of entanglement of such chains. Moreover, a single double-stranded DNA
molecule incessantly undergoes local opening into floppy single-stranded bubbles, whose
dynamics is in competition with the binding of single-strand binding proteins, a
phenomenon which has only recently been recognised. Biopolymers at some stages of cell
development have to cross, passively or driven, nanopores in cellular membranes. All such
processes pose new questions towards the understanding of entangled oligo- and polymers
from a (chemical, biological) physics point of view, fostered by growing experimental
information from single-molecule setups.
I will discuss how statistical mechanics can be employed to understand the interplay
between biopolymers with a fixed topology, and thermal fluctuations (which are alldominating on this scale). In particular, it turns out that fluctuations may be sufficient to
tighten a DNA-knot, and that there exists a hierarchy of different shapes such a knot can
attain, this hierarchy being universally governed by a simple figure-eight structure for all
prime knots [2]. However, the tight state is very sensitive to the prevailing boundary
conditions (e.g., dilute, Theta, or dense) [3]. The dynamics of the bubble fluctuations
within a chain of double-stranded DNA can be mapped on a Fokker-Planck equation for
the bubble size, from which a first passage time formalism reveals the typical life-time of
a bubble [4]. The obtained results are consistent with recent single-molecule results for the
bubble fluctuations. I will also report some recent results on chaperone-induced
translocation of biopolymers through a membrane nanopore [5].
[1] MD Frank-Kamenetskii, Unravelling DNA (Perseus Publishing, Cambridge MA,
1997).
[2] R Metzler et al, Phys Rev Lett 88 (2002) 188101; Phys Rev E 65 (2002) 061103.
[3] A Hanke et al, Euro Phys J E 12 (2003) 347.
[4] A Hanke, R Metzler, J Phys A 36 (2003) L473; Phys Rev Lett 90 (2003) 159801.
[5] R Metzler, J Klafter, Biophys J 85 (2003) 2776; O Flomenbom and J Klafter,
Phys Rev E 68 (2003) 0419190; T Ambjornsson and R Metzler, submitted to Phys.
Biol.
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A plane bent chain of Morse oscillators with long-range dispersive interaction is first
considered. Moving localized oscillations may be trapped in the bending region. Thus the
chain geometry acts like an impurity. Energy funelling is observed in the case of random
initial conditions modelling temperature.
Secondly, an augmented model of the DNA molecule including long-range interactions
between twisted base pair dipoles is presented. A mechanism for bubble generation is
found for sufficiently strong values of the dipole interaction coefficient. The relationship
between bubble generation, curvature and twist is investigated. An analytical approach
supports the numerical results.
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Background: The membrane fusion, one of most ubiquitous way for molecules to enter or
exit the cells, occurs continuously in critical biological processes such as neurotransmission,
infection of enveloped viruses, gene and drug deliveries. In physiological situations, two
membranes about to fuse are typically negative-charged and immersed in an ionic solution. At
least ten times higher than the electrostatic repulsive energy is the dehydration energy, which
should be overcome to bring them into contact. Therefore the fusion without involving specific
fusion proteins appears to be impossible in terms of simple energetics. One nonspecific
experimental fact to explain is that vesicles of various types start to fuse above a threshold
concentration of calcium ions
Methods: We set out a statistical physics theory that highlights coupling of two aspects of
thermal fluctuation in membranes. One is fluctuating distribution of mobile membrane-bound
charges. The other one is the local undulation of membrane surfaces. We construct the effective
Hamiltonian of the membranes in terms of these fluctuations, in the Gaussian level, from which
their dynamical equations are modeled. While the charge fluctuation is governed by a stochastic
diffusion equation, called Cahn-Hilliard model, the undulations evolve in hydrodynamic
interaction with the background fluid. Their coupling occurs in such a manner that the
membranes thermally undulate in response to variation of the charge distributions, which, in turn,
rely on the membrane configurations. The linear stability analysis on the coupled dynamical
equations in the Fourier space shows that there exists an unstable mode of growth if each
membrane has the net charge density higher than a critical positive value (i.e., overcharged).
Results and Conclusions: Our analysis shows that the charge fluctuations and surface
undulations can cooperatively couple to produce such a collective mode. Two negatively charged
vesicles create a dynamic instability to spontaneous growth of in-phase ripples and out-of phasecharge segregations of a particular wavelength λ (about 90 nm) on the apposed membranes,
thereby enhancing electrostatic attraction to greatly reduce fusion barrier. The condition of
requisite overcharging is induced by the multivalent cations, typically calcium ions, of the
concentration higher than milli-molar range. Unlike the monovalent cations, multivalent cations
tend to induce a strong correlated-charge distribution on each membrane, leading to sign
inversion of surface charge density to positive. This dynamic instability presents a novel example
of how nature can modulate diverse fluctuations in soft biological systems to give rise to selforganization, the fusion barrier crossing in this case.
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Gel electrophoresis is an experimental technique to separate DNA molecules by length. Our recent
experimental results [1,2] indicate, that when the field intensity excesses about 5 V/cm, the
diffusion constant D increases with the molecule length. This is in contrast to the low-field regime,
where D decreases with the molecule length. Here we investigate the problem by means of the
computer simulation. The tool is the particle model, which is a version of the Monte Carlo method
[3]. We are going to discuss the velocity v and the diffusion constant D as dependent on the field
intensity E and the molecule length. The latter is expressed as the number N of reptons (N = 1 is
equivalent to about 150 bp).
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Fig.1. Velocity v and the diffusion coefficient D as dependent on the number of reptons N, for
various values of the field-to-thermal energy ratio ε.
We are also interested at the ratchet effect. Our preliminary results [4] indicate that at high fields,
the velocity of the molecules is a nonlinear function of the applied field. This allows to expect, that
in the presence of time-dependent electric field we will get a net current of DNA even if the time
average of field is zero. This so-called ratchet effect is investigated analytically and by means of
the simulation.
[1] P.Paściak, M.J.Krawczyk, J.Dulak, M.Kopeć and K.Kułakowski, Acta Phys. Pol. B 34,
3533 (2003)
[2] M.J.Krawczyk, J.Dulak, P.Paściak and K.Kułakowski, Electrophoresis 25 (2004), in print
[3] M.E.J.Newman and G.T.Barkema, Monte Carlo Methods in Statistical Physics, Chapter 12,
Clarendon Press, Oxford 1999
[4] P.Paściak, M.J.Krawczyk and K.Kułakowski, Int. J. Mod. Phys. C 13, 829 (2002)
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DNA is not an ideal helical staircase; distortions in rigid molecules are correlated with their
base pair text. In the electrostatic theory of DNA-DNA interaction [1], these distortions will
greatly affect the interaction between DNA in parallel juxtaposition. Two homologous sequences
(DNA with identical base pair texts) will attract each other more (or at least repel less) than two
nonhomologous sequences. For a more complete description of the interaction, however, we must
include the effects of torsional elasticity of the DNA backbone, which will decrease the difference
in the interaction energy between homologous and nonhomologous sequences.
Inclusion of the torsional elasticity leads to a nonlinear equation (of a sine-Gordon type in an
external field) describing the ground state [2], which may be solved analytically using a variational
approach [3] or numerically [4]. Results have revealed interesting nonlinear effects, such as
torsional kink-solitons and first order “straightening transitions”.
Finite temperature fluctuations, however, also distort the helix. Hence, we must incorporate
temperature in our model and go beyond the ground state to adequately describe the interaction.
We do it using field-theoretical methods and a quantum mechanical analogy of path integral
formulation [5]. Using a Hartree approximation we find that temperature plays a similar role for
identical sequences as the degree of nonhomology in dissimilar sequences. This calculation has
also been extended in a simple manner to describe temperature effects of interactions between
nonhomologous sequences. This was verified numerically using Monte Carlo methods. We show
that the temperature decreases but does not wash out the difference in the interaction between
homologous and nonhomologous sequences, and thus the electrostatic snap-shot mechanism of
homology recognition remains valid.
Our results also build a bridge between the pair potential between helically non-ideal and
torstionally deformable DNA and many body effects in columnar DNA assemblies. In dense
assemblies the intrinsic twist nonideality of DNA structure is highly diminished due to
intermolecular interaction: torsional adjustments “straighten” the molecules. This straightening
takes place as a first order transition with the increase of the density of the assembly.
[1] A. A. Kornyshev and S. Leikin, J. Chem. Phys. 107, 3656 (1997); 108, 7035(E) (1998).
[2] A. A. Kornyshev and S. Leikin, Phys. Rev. Lett. 86, 3666 (2001).
[3] A. G. Cherstvy, A. A. Kornyshev, and S. Leikin, J. Phys. Chem. B (in press) (2004).
[4] A. A. Kornyshev and A. Wynveen, Phys. Rev. E (in press) (2004).
[5] D. J. Lee, A. Wynveen, and A. A. Kornyshev, submitted to Phys. Rev. E (2004).
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Background: The majority of biological molecules and structures are electrically polar.
Mechanism of biological organization is of electromagnetic nature (Frauenfelder et. al. [1]) .
Froehlich assumed that polar longitudinal modes of vibrations are excited by energy supply [2].
Heterodimers in microtubules are strong electric dipoles. Hydrolysis of guanosine tri-phosphate in
β-tubulins supplies energy to microtubules and heterodimers with exhausted energy are replaced
by the energy rich ones. Microtubules in the cytoskeleton satisfy require-ments for excitation of
vibrations and for generation of the oscillating electric field [3].
Methods: Electron transport in periodic, quasi-periodic, and correlated structures shows
dependence on the potential profiles. But even the structures with highly disturbed periodicity
might be described by the Bloch-like functions. Transfer of electrons in biological structures is
analyzed using the Bloch function approximation neglecting fragmentation of the energy band
structure. Endogenous electric field acts on particles by a dielectrophoretic force which depends on
the difference of the permittivities of the particle and of the ambient medium and on the gradient
of the square of the intensity of the electric field.
Results: Probability that electron will be transported to the target point by oscillating electric field
with the amplitude 104 V/m and frequency 100 MHz and by the Brownian type of motion as a
function of distance is in Fig. 1. Transport is without (the full line) and with (the dotted line)
recombination of electrons. Probability density of finding a particle in place rx for the Brownian
motion (a) and its combination with a force F (parallel with the x axis) with a constant mean value
(b) is given in Fig. 2.
Conclusions: Transport of electrons and reaction components driven by the endogenous electric
field may be more effective in comparison with that of the Brownian type of motion.
[1] H. Frauenfelder, P.G. Wolynes, R.H. Austin, Rev. Mod. Phys., Centenary 71, S419 (1999).
[2] H. Froehlich, in Theoretical Physics and Biology, M. Marois Ed., North Holland, 1969.
[3] J. Pokorny, Bioelectrochemistry, (2004), in print.
[4] J. Pokorny, Electro- Magnetobiol. 20, 59, 2001.

Fig. 1: Transport driven by the electric field (F-) and by random motion (D). The mean free path s
of electrons is 0.2 and 1 nm.
Fig. 2: Probability density f (rx,t) of finding a particle in the place rx in time 0.01, 0.1, and 1 ms and
for a force F = 0 (a) and 10-13 N (assumed to be of dielectrophoretic origin) (b) [4].
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A physical-chemical Ginzburg-Landau type model, based on the nonequilibrium equation for binding of pre-replication protein complexes (pre-RCs)
to the DNA double helix, is derived in terms of an order parameter ϕ that
defines the form of non-local correlations between the pre-RCs [1,2,3]. By
insertion of initial constraints for the binding reaction the model becomes
lyotropic in the sense that the order parameter, which is here normalized to
represent the number of pre-RCs, as well as the threshold and scale of response,
become functions of the pre-RC constituent concentrations. After a spontaneous
breakdown of symmetry of the dynamics, the DNA-protein system behaves like
an elastically braced string driven by a non-linear long range intermolecular
force F(ϕ/N) = −(κ/2(ϕ/N)(1−ϕ/N)(2−ϕ/N), N being the total number of preRCs bound to the DNA duplex at the initiation of DNA replication. The long
range force between pre-RCs thus changes sign such that it induces exactly the
characteristic switches between assembly and disassembly of pre-RCs observed
in the cell cycle [4]. By changing between attraction and repulsion, which
induce the concomitant switching between compaction and unfolding of the
DNA-protein system, the long range intermolecular interaction also provides
mechanisms for the initiation and termination of DNA replication such that the
DNA content in G2 cells becomes exactly twice that in G1 cells. This appears to
be the first model capable to explain the turnover of genetic material in the cell
cycle of a normal cell. The model was first presented in a slightly different form
[5,6].
References:
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