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Single Molecule Techniques for Biomedicine and Pharmacology

K.O. Greulich*

Inst. Mol. Biotech., Jena Belitenbergstr.11 D07745 Jena, Germany

Abstract: The present review gives a short summary on techniques useful for single molecule research, describes
experiments on in vitro single molecule detection and reactions of single molecules and finally reports on the behavior of
single molecules and single virus particles in living cells. One experiment on single molecule enzyme kinetics of lactate
dehydrogenase, an enzyme used in the diagnosis of heart attacks and one experiment on restriction analysis of individual
DNa molecules are described in some detail. Where it is possible, the relevance to pharmacology and biomedicine is
emphasized, often as a perspective or suggestion for experiments, since in this young field of science a not too large
variety of experiments have indeed already been devoted directly to drug action.
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INTRODUCTION

The history of single molecule research begins as early as
1961 with studies on the reaction catalysed by a single beta -
galactosidase molecule held in a microdroplet [1]. Thus,
surprisingly, single molecule enzymology, and not, for
example, single molecule spectroscopy, marks the early
beginnings of this exciting research field. Apart from this
single isolated experiment, the first years of single molecule
research were devoted to the development of techniques and
to experiments in basic research. The 1990ies were the
decade of high resolution single molecule spectroscopy on
small molecules with lower relevance for life processes and
have been recently summarised in several reviews [2-4].
From the mid 1990 ies, research on single biomolecules
gained impetus, thus preparing the field for diagnostic
applications in biomedicine and pharmacology. By 2003, in
addition to a number of reviews on basic aspects of single
molecule research, a few special issues of regular journals
[5-8] and two books [9, 10] on single molecules were
available in literature. A recent review has reported on the
basic aspects of detection and characterization of single
biomolecules and their reactions [11]. Since some of the
experiments mentioned in that paper are also of interest for
biomedicine and pharmacology, part of the information
given there is reproduced in the present review in order to
provide a sufficiently broad account on the field from the
viewpoint of drug research. Also, techniques and equipment
are shortly addressed which are described in more detail in
other contributions of this volume. For details, the reader is
referred to these articles presented by the specialists in the
respective field. Note that this is not a classical review but a
sketchy collection of single molecule techniques with
potential use for pharmacology. Therefore, the citation list is
far from complete

With the advent of single molecule techniques the
ultimate limit of analytical (bio-)chemistry has been reached.
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What this means may be illustrated in a simple example:
provided one has a single molecule sensor which can
distinguish a specific type of molecule from all other
molecules in the environment (human taste and smell sensors
are probably of that quality), one can detect a source of
molecules which emits moderate amounts of material at a
distance of hundreds of kilometers, for example, a person
exhaling air containing specifically smelling molecules. For
quantitative details see [12]. This can explain why some
people believe to "smell" and perceive events over large dis-
tances and it also may explain part of the enormous abilities
of some animals to find their way over long distances. A
whole class of observations may thus be transferred from the
realm of parapsychology to strict single molecule bioche-
mistry. To achieve this, knowledge on single molecule
reactions of taste or smell sensors would be required which
is so far not yet available. However, as a first step towards
this goal the single molecule study of more commonly
known enzyme reactions is now possible and one experiment
on lactate dedydrogenase, an enzyme relevant for the
diagnosis of heart infarction, will be reported to some detail
in the present contribution.

A second type of reactions aims even more at molecular
individuality: when fluorescence - labeled DNA is cut by
sequence-specific enzymes (restriction endonucleases), a
specific cutting pattern will be generated. Modifications
(mutations) of the recognition site will result in a different
cutting (restriction) pattern by which two individual
molecules can be distinguished. As a bulk technique using a
large number of molecules, such a restriction analysis is the
basis for the identification of individuals, for example in
paternity tests or in crime cases. Using it as a single
molecule technique the true individuality of DNA molecules
can be addressed. How important it is to regard DNA as a
molecular individual becomes clear when one realizes that,
in order to synthesize only one copy of each possible short
DNA molecule of 120 base pairs in length, more than the
visible mass of the universe would be needed (for
quantitative details see [13], page 162). Knowledge on the
sequence of a human "standard"- genome is only a first step
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for understanding inter - individual differences. In order to
understand diseases throughout large populations, single
DNA molecule techniques are urgently needed.

One may ask if single molecule techniques indeed are
relevant for biomedicine and pharmacology. Certainly, in
vitro single molecules experiments can help to understand
molecular processes underlying drug action in more detail
than bulk experiments can do. Surprisingly, however, single
molecule studies are also relevant for the understanding of
the action of drugs in living cells. A short calculation makes
this point clear. Typical doses in a therapy are of the order of
100 mg per dragee, tablet etc. At a typical molecular weight
of a few hundred daltons this corresponds to approximately
10%° molecules (for other amounts one can scale up or down
this calculation). The human body consists of approximately
10™ cells. Thus, in total, 10° drug molecules per cell are
available. Assuming that the duration of drug action is 1 hr,
only a few hundred drug molecules per second are available
for each cell. In practice, this number is probably much
lower, due to non - ideal pharmacokinetics. In this sense,
drug action is indeed a process involving, at a given time,
only a small number of, albeit perhaps not exactly single,
molecules.

MATERIAL AND METHODS
Optical Spectroscopy

Several classical techniques of spectroscopy have been
developed into single molecule techniques. The most
sensitive one is fluorescence spectroscopy, since it works, at
least in principle, against a dark background. Thus, every
photon emitted by the molecule of interest can be used to
obtain information on the latter. A number of variants of
fluorescence spectroscopy will be discussed below in some
detail. However, other optical techniques have also been
developed into single molecule techniques. The most
surprising achievement has been seen in Raman
spectroscopy, an initially notoriously non - sensitive
technique ( see for example [14] and a contribution of this
group in the present volumes). The trick is that signal
enhancement at rough metallic (silver) surfaces is used, an
effect which works best when the surface has a self - similar
fractal topology [15]. Surface enhanced Raman spectroscopy
(SERS) now allows single molecule studies.

Near Field Microscopy

While spectroscopy allows to look into the bond structure
of molecules, many questions of drug research require
information on the spatial structure of molecules and
complexes thereof. Such information can be obtained with
high resolution microscopy. Extremely high resolution can
be achieved with near field techniques. The near field
microscopes all work according to a common basic
principle: A sort of ultra fine stylus scans an object line by
line and subsequently assembles an image from the data it
has obtained. This data assembly takes some time and
therefore the temporal resolution of these microscopes is
limited to seconds or somewhat below seconds (however,
later on in this review a recent development is described
which allows to combine high temporal with high spatial
resolution). The spatial resolution is better than with other
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tools available in molecular pharmacology and biomedicine.
The reason for this is that the stylus comes very close to the
object under observation. It is the same principle as the
stethoscope of a medical doctor: For example, acoustic
waves of a beating heart with wavelengths of metres can be
exploited to localise the heart with an accuracy of
centimetres. Therefore, the optical version of the near field
microscopes, the SNOM (scanning near field optical
microscope) has also been also called "optical stethoscope".
It has a typical spatial resolution of 60 to 80 nm and can,
among others, be used as a highly localised spectroscope.
The second near field microscope used in the analysis of
single biomolecules is the atomic force microscope (AFM).
Here, a mixture of van der Waals- , electrostatic- and other
forces is used to detect the molecule. Since these are all short
range forces, one has to get closer to the molecule under
observation and the spatial resolution with the AFM is better
than with the SNOM, for ideal (hard) objects in the
subnanometer range. Even the combination of an AFM with
a confocal laser scanning microscope is available [16]. The
best resolution among the near field microscopes is obtained
with the scanning tunnelling microscope (STM) which,
under favourable conditions, can detect sub - molecular
structures. It needs electrically conducting objects and is
therefore not generally suitable for single bio - molecule
studies. Interestingly, the most successful use of near field
microscopes is meanwhile not imaging but manipulation.
The tip of an atomic force microscope is used as an
extremely fine manipulator for handling individual
molecules and for measuring forces in macromolecules such
as proteins, RNA and DNA during stretching the latter. If
one exerts such a force on molecules bound to each other,
force - extension curves can be obtained which show a break
at some specific force. This force, however, is not sharply
defined. In fact one obtains a probability curve with a most
probable force of a few hundred piconewtons and a FWHM
of 50-100 piconewtons (see for example [17]). For a recent
report on a technical variant of this force spectroscopy see
[18]. AFM tips can now be prepared with an individual atom
as the active tip.

Fluorescence Microscopy, Dyes and Detectors

The spatial resolution of light microscopes is limited by
the wavelength of the light which is used for observation.
Thus, for a long period, single molecule detection was
thought to contradict the Abbe criterion which states that the
resolution of a conventional far field microscope is not better
than 50 % of the wavelength (500 nanometres or 0.5
micrometres for green light). However, this was too
pessimistic since spatial resolution is not always needed in
single molecule research. When the molecules are prepared
with sufficiently small concentration onto a surface, they
have an average distance of several micrometres from each
other. They have no longer to be spatially resolved but have
just to be visualised. Visualisation of individual molecules is
possible down to sizes of a few nanometres (see for example
[13], page 274). The trade off one has to accept is that the
molecules appear too large, but for many applications this
drawback is acceptable. The conventional fluorescence
microscope has two significant advantages compared to the
high resolution near field techniques described above. It is



Single Molecule Techniques for Biomedicine and Pharmacology

fast, i.e dynamics of molecules and reactions becomes
experimentally accessible and preparation techniques can be
easily adapted from bulk analytical methods. Even imaging
by lifetimes, not by intensity, of single molecules is possible
[19].

Detecting single molecules by a fluorescence microscope
is not so much a problem of the number of emitted photons.
Since a molecule can, in principle, emit one photon every 10
nanoseconds, up to 100 million photons per second might be
expected from a single molecule. Two problems hamper this
process: First, a dye molecule will decay after a few hundred
up to a million of cycles of excitation and emission into non
- fluorescing derivative. Second, in order to excite a dye
molecule at practical concentrations some hundred million
photons of the exciting light will pass the detection volume.
In other words, one has a large number of unwanted photons
per useful photon for the detection of the molecule. Optical
filtering techniques are not completely sufficient to identify
the useful photon. This is the major challenge for classical
light microscopy in single molecule analysis. Part of these
problems may be overcome by replacing classical
fluorescence dyes by nanocrystals or quantum dots [20].
These are nanometre sized clusters of, for example, zinc
sulfide capped cadmium selenide. Their absorption and
emission behaviour is mainly determined by their size: small
clusters are blue, larger ones are red. An advantage of these
quantum dots is their very good absorption and emission
behaviour, a disadvantage is their bulkiness.

When a fluorescence microscope is equipped with a
standard TV CCD camera, one can obtain 25 images per
second. This corresponds to a temporal resolution of 40
milliseconds. Special cameras are much faster, millisecond
resolution is easily available when one is willing to go a step
beyond standard CCD recording. For low level light, as in
single molecule research, cooled CCD cameras integrating
over several image frames can be used, but then the temporal
resolution is decreased correspondingly. When extreme
sensitivities at high temporal resolution are required, single
photon counting cameras are available. These are in principle
arrays of micro-photo-multipliers, often with 250 x 250 pixel
elements. In almost all cases the reduced (as compared to
standard CCD cameras with 700 x 500 pixels) image size is
completely sufficient, since single molecule observation
requires only parts of a full visual field in a light microscope.
Colour information can be added either by using a true
colour camera. They do usually not have the sensitivity
described above. More efficient is the use of optical filters.
Fast switching filter wheels and computer programs for
exactly overlaying of the different colours are available on
the market.

FRET

FRET (Foerster / fluorescence resonance energy transfer)
can increase the resolution beyond the diffraction limit of
conventional microscopy. Here a pair of fluorescent
molecules is used to measure distances of the order of 10
nm. One molecule of this pair, the donor, absorbs light and
usually re-emits it as fluorescence at a somewhat larger
wavelength. If, however, the second molecule, the acceptor,
with an absorption maximum close to the emission
maximum of the donor, comes closer to the donor than the
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"Foerster" distance, the absorbed energy in the donor is
transmitted to the acceptor which finally emits light at an
even larger (more red) wavelength. Thus, a red shift heralds
the mutual approaching of the donor / acceptor pair to a
distance closer than the Foerster distance, which, for
example, is approximately 10 nm for the dye pair Cy3 / Cy5.
Since typical diameters of proteins are between 5 and 15 nm,
FRET experiments with this donor / acceptor pair can be
used to test if a protein molecule is folded or denatured, i.e to
study protein folding on a single molecule basis. Cy3 / Cy5
or other donor / acceptor pairs can also be used to study
protein-protein or protein-DNA interactions as well as RNA
folding on a single molecule basis.

TIRF: Total Internal Reflection Fluorescence-Excitation

If one wants to look at the action of a few molecules
close to the surface of a cell, for example to study the
influence of a pharmacologically active substance on the
surface of a given cell type, it is often helpful to visualize
only a small layer at the cell surface. Total internal reflection
[21] allows such a detailed look. If one shines (laser-) light
into a microscope slide, the light will not penetrate the large
faces but will be transported through the slide until it leaves
it via the opposite small face. A similar effect is also known
from light transmitting fibres. If one looks into the
microscope, the slide will appear dark. For a small fraction
of the light there is, however, an exception. Due to quantum
mechanical principles, the light field leaks through the large
faces of the microscope slide, approximately one wavelength
deep, i.e. half a micrometre. Usually, one cannot see this. If ,
however, a potentially fluorescent molecule happens to be in
this small volume, it will be excited and reveal fluorescence.
Thus, it is possible to study single molecules in a thin layer
above and below the microscope slide without illuminating
all the impurity molecules in the solution. Conventional
fluorescence microscopy and TIRF microscopy in single
molecule research have been compared by Paige et al. [22].

FCS: Fluorescence Correlation Spectroscopy

Fluorescence correlation spectroscopy is explicitely
discussed in other chapters of this issue. Therefore, here only
a short qualitative insight is given. In contrast to TIRF, FCS
illuminates a diffraction limited three dimensional volume of
interest, just by sharp focussing of a laser into a solution
containing the highly diluted molecules to be studied. At a
time " t " one detects a single molecule in a diffraction
limited volume (linear distances 0.5 micrometre), and after a
certan time " T ", one looks if it is still there. Slow particles
will be found several times, fast particles will be found only
two or three times. Mathematically, this is described by the
correlation function

G(t)=Sumover | (t) * I (t+T), where T is the waiting time

G(t) is related to the speed of the molecule which can be
used to calculate the diffusion constant of the molecule. The
latter can be used to estimate the molecular weight. Such
experiments are often used to measure the binding of two
individual molecules. One example is the binding of an
antigen to an antibody or the hybridisation of a small DNA
or RNA oligonucleotide to a long DNA or RNA molecule
[23]. Binding sites of single glucocorticoid molecules on cell
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membranes have been studied by FCS by Maier et al. [24].
In such experiments, the smaller binding partner is made
fluorescent. One will see the small partner as fast diffusing
object and the complex of small with large partner as slow
object. Two colour techniques [25-27], occasionally even
combined with FRET [28] have now overcome an early
limitation of FCS, namely the fact that the two binding
partners had to differ in molecular weight by almost an order
of magnitude.

Nanotweezers for the Handling of Single Molecules

In many single molecule investigations it is mandatory to
find techniques for single molecule handling, i.e. to apply a
sort of gentle tweezers which allow to manipulate individual
molecules. Such a tool is the tip of an AFM. It can exert and
measure forces of a few hundred piconewtons up to a
nanonewton. For comparison: a million of such AFM tips
would be required to lift 100 mg at the surface of the earth. If
more gentle handling or more sensitive force measurement is
required, optical tweezers are the tools of choice. Optical
tweezers (see for example [13, 29]) are made of a continuous
(often infrared) laser of moderate power, which is focussed
into a microscope to the theoretical (diffraction) limit. Light
pressure and gradient forces push and pull microscopic
objects in the focus of the laser. By moving the focus, these
objects can be moved along complex trajectories. Since only
forces exerted by light are acting, no sticking of individual
molecules to micro-tools such as AFM tips or disruption by
the latter occurs. As with AFM tips, mechanical properties of
biomolecules can be measured with optical tweezers. Optical
tweezers are also used as stylus, similarly as in the near field
microscopy described above, to detect force landscapes on
the surfaces of soft objects such as cells. This technique has
been dubbed "Photonic Force Microscope™ [30].

From Concentrations to Intermolecular Distances

For discussions on single molecule reactions it is often
more convenient to use the microscopic intermolecular
distance "d” for a concentration instead of the macroscopic
concentration value "c". The equation for conversion can be
derived as follows:

¢'=c [mol /1] *0.001 [I/ cm®* 6 * 10%
[molecules / mol] = 6 *10% * ¢ 1)

where ¢' is now expressed in molecules / cm® when ¢ is given
in mol / I. The intermolecular distance can then be calculated
as the inverse cubic root and becomes

d=1.185/c'? 2)

where d is the average intermolecular distance in nanometres
when ¢ is given in mol / |. For example, the intermolecular
distance at a concentration of 1 mol / | is 1.185 nm. Corres-
pondingly, for a concentration of 1 mmol / | it is 118.5 nm.

Femtodroplets and the Poisson Statistics

Single molecule enzyme reactions can be best
interpreted, when the experiments are performed at
conditions as close as possible to those in bulk reactions, i.e.
when the experiments just represent a downscaling of
conventional biochemistry. Particularly then, for example
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single molecule kinetic parameters such as reaction rates or
"Michaelis Menten constants" (see later on in this review)
can be directly compared with values known from
conventional biochemistry. The most straightforward
strategy to do that is to perform the experiments at low
enzyme concentrations and in minute reaction volumes so
that only one or a few enzyme molecules are in the observed
volume. For example, a 1 nanomolar (6*10™ molecules per
litre) enzyme concentration corresponds to somewhat less
than one molecule per femtolitre. The latter is a droplet with
linear dimensions of approximately one micrometre and can
be generated by pipetting with commercially available
equipment well known from patch clamp or microinjection
techniques.

The technique has some disadvantage, which however
can be alleviated by suitable data evaluation. If for
determination of the kinetic constants of an enzyme a
substrate concentration in the low micromolar range is
required, only a few thousand substrate molecules per
enzyme molecule are available, i.e substrate consumption
during the reaction has to be taken into consideration. A
second disadvantage of such a strategy is, that the true
number of enzyme molecules in a femtodroplet is given by
Poisson statistics. If, on average, one molecule is expected to
be present in a droplet, the true distribution is

P(n)=1*n/nt*e! 3

where n is the number of molecules in the droplet, e = 2.71
and P(n) is the probabilty of occurence of such a number of
molecules in a droplet. The percentage is 100 * P(n). The
"faculty" nlisdefinedasn!=1*2* .. *n,with0!=1

The probability to find no or one molecule in the
respective droplet is 37 % each (1 / e = 0.369). In 26 % of
the droplets, more than one molecule will be found.
Similarly, if on average two molecules are expected, the
corresponding distribution is

P(h)=2*n/n!*e? 4)

For a mean value of two molecules per droplet the
probability of "empty" droplets is 13.6 %. Droplets with one
and two molecules are found with 27.2 % each. Three
molecules are found in 18.1 %, four molecules still in 9 % of
the droplets. In approx. 5 % of all droplets, five or more
molecules are expected.

This Poisson statistics on the one hand complicates the
evaluation of single molecule experiments. In turn, if one
measures reaction rates for, say, 10 reactions under identical
conditions and finds Poisson statistics verified, one is on the
safe side to assume true single molecule conditions. This has
not been considered in a number of single molecule enzyme
reactions published so far, and enormous differences in
individual reaction rates have been invoked. Probably, at
least part of these large differences in individual reaction
rates can be attributed to Poisson statistics.

RESULTS: EXAMPLES OF APPLICATION
Proteins

For some biological macromolecules the individual
differences are not only just interesting for reasons of basic
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research. Such differences may be important for health and
disease. For example, the malfunction of an enzyme may
cause irregularities. Malfunction may start with the
occurrence of a specific variant of a molecule type, develop
by a sort of evolution and may only gradually turn into a true
disease form. Early detection of such changes on the single
molecule basis will probably allow early diagnosis and thus
may help to prevent the outbreak of a disease.

Examples of Spectroscopic Applications

A quite obvious step towards single molecule research is
just to increase the sensitivity down to the single molecule
limit [31]. One protein molecule of particular interest is the
green fluorescent protein GFP, since it's mMRNA can be fused
with the mRNA of another protein. After in vitro translation,
the combined protein often preserves the function of the
fused protein, but is now fluorescing and its action, for
example inside a living cell, can be studied. Therefore, the
spectral properties of GFP are of special interest and have
been studied correspondingly on a single molecule basis
[32]) An interesting class of proteins are light harvesting
molecules which convert the energy of light into chemical
energy. Complex energy conversion processes have now
been understood on a single molecule basis [33, 34]. The
most straightforward study of macromolecular structure is
possible if these molecules change their spectroscopic
behaviour as a function of conformation. Such a molecule is
the (non - biological) MEH - PPV, a conjugated phenylene -
vinylene polymer. Huser et al. [35] could demonstrate that
single MEH - PPV molecules have a conformational
memory when cast from toluene, but not when cast from
chloroform, where they behave as multi - chromophore
systems. Unfortunately, biomolecules do not reveal such a
intrinsic structure - spectrum relationship and here dye
molecules have to be attached for folding studies. FRET (see
corresponding chapter above) may be the technique of
choice. While a number of proteins, such as crystalline from
the eye lens spontaneously fold into their correct three
dimensional structure, many others need the support from
partner proteins called chaperones. GroES and GroEL are
such proteins, and their interaction is essential for protein
folding in the bacteria E.coli. Using Cy3 and Cy5 as FRET
partners, Taguchi et al. [36] could show that both molecules
bind with kinetic constants known from bulk experiments.
However, only the single molecule experiments could reveal
that the two molecules remain in contact for approx. 3 sec.
This is the time a target protein has left in order to fold into
its correct structure.

Force Spectroscopy of Selected Proteins and Protein
DNA Interactions

A field which appears at a first glance quite unrelated to
pharmacology or biomedicine is "force spectroscopy"”. As
already mentioned above, the tip of an atomic force
microscope is used as a nano - mechanical tool. One end of
the molecule is attached to a surface, the other end to the
AFM tip. Then the tip - bound end is pulled and the force is
measured which is required to pull the molecule apart. Also,
the force acting between two molecules can be studied.
Essentially, the force acting between two inteacting
molecules is measured at different loads and at different
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speeds of pulling. Surprisingly, experiments of this type
indeed have relevance for drug research. For example, when
leukocytes search for a region of inflammation inside the
body, they move through a blood vessel in a rolling manner.
In a region of inflammation, this rolling motion is stopped by
capture molecules and the leukocyte is attached to the vessel
walls, which it penetrates to migrate finally to the site of
disease. An important molecular interaction is the binding of
a selectin molecule to a P-selectin glycoprotein ligand-1
molecule. This binding process has been studied by Marshall
et al. [37]. The surprising result was that the bond lifetime is
prolonged by moderate forces (catch force) but shortened by
larger forces (slip force). It is immediately clear that drugs
which can modify this binding force will also be able to
modify recognition of disease sites by lymphocytes.

P-selectin - ligand binding, also mediates adhesive inter-
actions in immune recognition but also in metastasis of
several cancer types. Forces up to 175 piconewton, i.e. 1/5
th of a covalent bond, can act [38]. The rate constant for
unbinding may vary from 0.2 s* up to 2.8 s*. Such a
pronounced difference explains different adhesion behaviour
of the cells which use P-selectin. A molecule with similar
function is fibronectin. Its mechanical properties are critical
for the elasticity of the extra - cellular matrix and connective
tissue. Oberhauser et al. [39] have found an extreme exten-
sibility of this molecule. The molecule has a hierarchical
force profile, indicating that it has different building blocks
with different mechanical stability, particularly its FNIII
region.

The von Willebrandt factor is a protein involved in many
aspects of protein clotting in blood. Occasionally it comes in
ultra - large aggregates (ULVWEF), particularly in catastro-
phic micro - angiopathic disorders. Using optical tweezers,
Arya et al. could show that specific conformations, and not
so much the size of the aggregates, is critical for the
interaction of ULVWF with platelets, cells which mediate
the generation of thrombi in blood [40].

Titin, a tandem array of fibronectin (see below) and a sort
of immunoglubulin, is anchoring the motor protein myosin
of muscle (see below) to elements of the skeleton. If a
muscle is slightly over - stretched, titin dampens the forces
and reversibly unfolds. Only after strong over - stretching the
muscle is hurt. Due to this importance titin is among the
molecule best investigated by single molecule force
spectroscopy. Just to mention one work, Grama et al. [41]
have labelled titin with the fluorescing rhodamine which, due
to self quenching when two rhodamines are approaching
each other, act similarly as the donor / acceptor pairs
described above. Surprisingly, chemical denaturation of titin
leaves the titin molecule intact, perhaps since acidified
muscles need to keep their mechanical stability.

Force spectroscopy has also been used to study the
binding of restriction enzymes (see later on in this review) to
their specific binding sites on DNA. An activation barrier for
the disruption of protein DNA binding has been found [42].

The Interaction of Antibodies with Their Antigens

The binding of an antibody to its antigen is a crucial step
in the response of the immune systeme to infection.
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Modifying this process by drugs means getting influence on
the progress of disease and modifying the efficiency of the
immune response. Tetin et al. [43] have shown that the
equilibrium dissociation constant of an antibody against the
test antigen digoxin yields the same value if fluorescence
polarisation or FCS is used, i.e. both techniques are suited to
determine such constants. A disadvantage of these
techniques is, that they are performed in solution, while
typical antigen antibody reactions occur at surfaces. Such a
surface studies were performed by Seeger et al. [44] and Li
et al. [45]. With tapping mode atomic force microscopy they
monitored the binding constant of two different
antigen/antibody pairs at near physiological conditions in
molecular monolayer consisting of the antibodies. The
binding constants were essentially determined by counting
the ratio of antibodies with and without bound antigen. This
technique is obviously also suited to evaluate antibody micro
- arrays. Since the Y shaped antibody molecule has two
binding sites for antigen, it is interesting to know if both act
independently or co - operate. This question has been tackled
by using an AFM simultaneously as microscope and a tool to
measure forces. The unbinding force for an antibody against
serum albumin has been measured as 244 + /[ - 22
piconewton and an action of both binding sites independent
on each other has been detected [46]. The binding to
individually addressed antibodies has been measured by Ros
etal. [47]. Jermutus et al. [48] have co - expressed and co -
translated single chain antibody Fc fragments with ribosomal
MRNA, i.e. they displayed them on these large molecules.
Then they could study antigen binding on a single molecule
basis using FCS and determine kinetic constants of that
process with good statistics.

Molecules Generating Motion (and Life Processes) :
Kinesin, Myosin, Dynein

Molecular motors are molecules generally converting
chemical energy into motion. Some small organic molecules
are known to act as motors. They will not be discussed here.
(Bio-) molecular motors govern processes characteristic for
life of cells and organisms, such as generation of motion in
eukaryotic cells, cell division, cell movement, segregation of
genetic material or positioning of organelles. Due to their
fundamental function biomolecular motors are used as
therapeutic targets (for example taxol treatment in cancer
chemotherapy.) Linear motors move along filamentous
macromolecules or macromolecule assemblies which act as a
kind of track. Prominent examples are kinesins and dyneins,
that belong to motor families with more than one hundred
members generating motion along microtubules by
hydrolysing ATP as a fuel. Another motor is myosin in its
numerous variants, well known for generating motion along
actin micro - filaments and thus contributing critically to
muscle contraction.

The motor proteins kinesin, dynein and myosin consist of
an elongated stalk-like tail and one or two globular heads
binding ATP as well as microtubules respectively actin
micro - filaments. Upon ATP consumption they undergo
conformational transitions connected with walking along the
filamentous tracks. Thereby, the angle between the tail and
the head is changed causing, if bound, a stroke driving the
head forward in relation to the track. After such a stroke the
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head is released, swings back to its "starting” position, binds
to a new site on the track, and is loaded by new ATP. The
process is ready for repetition. In principle, most of the
related questions to motor function and regulation can be
answered by bulk experiments comprising some or many
motor molecules. For example, the force generated by a
muscle filament can be measured macroscopically. The
number of myosin molecules involved in this process can be
determined and allows to calculate force generation per
myosin molecule. But, one problem arises immediately: The
duty ratio, i.e. the ration of the active period of the motor to
the whole molecular cycle. It represents the fraction of
molecules of a collective which is involved in force
generation at any given instant. Depending on the model
used, the duty ratio can be estimated in the range between 5
and 90 % - resulting in a factor of 20 in uncertainty.
Therefore it is essential to measure these mechano-chemical
processes on a single molecule basis. One way to measure
single molecule mechanics is to use fine glass microtools,
contributing, however, inherent problems such as adhesion
and perturbation of the tiny forces involved. Optical tweezers
are a second tool for single molecule motility research,
allowing to evaluate both techniques against each other. Due
to the high interest in these questions , a large number of
single molecule experiments have been described in early
literature by the groups of Block, Molloy, Schliwa, Sheetz,
Simmons, Spudich, Warshaw, Yanagida. These work are
reviewed, for example, in [13], chapter 4.3, by Vale and
Milligan, [49] and by Ishii and Yanagida [50].

More recently, Nishiyama et al. [51] have studied the
chemo - mechanical coupling of forward and backward
stepping of kinesin. They formulated a model where the
driving force for motion along the microtubule is Brownian
motion and where the energy is primarily used to decrease of
entropy, i.e. by giving this motion a direction. In similar
experiments, [52] dynein was investigated and the related
molecule dynactin which can move bidirectionally along
microtubules. The authors postulated that dynactin enables
dynein to participate efficiently in this bidirectional
transport. Rock et al. [53] reported that Myosin VI is a
highly processive motor with very large step size. The
maximum step size reported so far is 35 nm for higher plant
myosin XI [54]. Baker et al. [55]) have given the basis for
understanding the ATP reaction which provides the energy
under minimal load. They found that the dissociation on one
phosphate group is more tightly related to the generation of
motion than could be demonstrated before. An idea how
single molecule studies may be related to the multi -
molecule interaction in real life, was given for kinesin by the
work of Peterman et al. [56]. These authors compared the
relative orientations of monomeric and dimeric kinesin and
showed that both kinesin molecules have to bind with similar
orientation in order to reveal optimal activity. Among others,
such investigations predict that biomolecular motors are
active to transport artificial loads, that they can be regulated
and tuned under cell free conditions and that they are able to
work in predetermined directions [57].

As for technical motors, rotatory molecular motors also
exist. F1 ATP ase is a representative member of this class of
molecular motors and converts chemical energy of ATP into
rotation. Interestingly, it can perform also the reverse task:
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when rotation is induced by exerting force on the molecule,
it converts the low-energy -ADP into high-energy-ATP, i.e.
it converts mechanical into chemical energy. In a typical
experiment, a fluorescence labelled actin filament is bound
to one of the subunits of the F1 ATP ase. The ATP ase is fixed
to a surface. The actin filament can be easily observed by
fluorescence microscopy and manipulated by micromechnical
tools or optical tweezers. If left free and supplied with ATP,
the ATP ase rotates. This can be observed by rotation of the
actin filament. A study of this type is for example that of
Kato -Yamada [58].

Visualising the Action of Individual Dynein and Myosin
V Molecules in Real Time

The probably most exciting recent development in single
molecule research results from the possibility to obtain
movies from working individual molecules. This does not
mean the somewhat indirect visualisation of molecule action
as described in the previous chapter. Indeed, meanwhile it is
possible to have a direct look on the dynamics of individual
biomolecular motors. Burgess et al. [59] have organised a
temporal series of electron microscopic snapshots of dynein
¢ molecules into a sequence of events which allows to reveal
how dynein generates motion along microtubules. They
could show, that the stalk like tail performs structural
changes which may be required to generate motion. Even
more exciting are the results of Ando et al. [60] using a
home made atomic force microscope with a temporal
resolution of 80 ms, i.e. half the frequency of commercial
TV video. These studies with myosin V directly reveal that
the stalk of the myosin molecule is very flexible and that
there are changes in lengths of this arm, indicating, similarly
as the dynein data, that structural changes of this part of the
molecule, and not so much changes in the relative orientation
of the heads of these molecules, generate motion. Thus, the
mechanisms developed in the more indirect experiments
described in the previous chapter may need some
modification in order to allow for these recent observations.

Single Molecule Enzyme Kinetics

While the experiments just described give a detailed
insight into basic processes of life and may thus indirectly be
used in drug research, scaling down common enzyme
kinetics to the single molecule level has the potiential to be
used directly in diagnosis and in the search for new drugs.
From protein structure considerations one expects that
individual enzyme molecules of a species would differ
slightly but distinctly from each other and thus may show
different reaction behaviour [61]. This may be reflected in
different kinetic constants such a maximum velocity or
Michaelis constant. If the variety of kinetic constants can be
ordered into a few groups one speaks of isoforms of the
enzyme, but one should be aware, that a much larger variety
of individual forms of the enzyme exists, which may only be
detectable with single molecule enzyme kinetics.

From conventional biochemistry (enzyme concentrations
10° mol / ml or 10™- 10" enzyme molecules) the step to
single molecule enzyme kinetics involves an increase in
sensitivity of at least 13 to 14 orders of magnitude. In recent
years, enzyme Kinetics has been developed down to the
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single molecule level. The conformational dynamics and
cleaving mechanisms of enzymes has been directly observed
on surfaces [62]. The group of Xie has used the natural
fluorescence of cholesterol oxidase, which is fluorescent in
its oxidized form. As the reaction proceeds the enzyme
oscillates between the oxidised and reduced states, i.e. it
blinks. Each blinking corresponds to one enzymatic turnover,
which was followed with time (see for example [63]). Also,
fluctuation of reaction rates of one cholesterol oxidase
molecule was observed. Earlier, Dovichi and co - workers
[64] had used a similar approach to confine single molecules
of alkaline phosphatase and to measure the reaction products
completely inside a capillary. A clinically interesting enzyme
is lactate dehydrogenase(LDH). Xue and Yeung [61] had
studied this reaction at selected substrate concentrations in a
capillary tube equipped with a LIF detector and found
different activities for individual molecules. As an
alternative, the "droplet in substrate” technique, where the
reaction proceeds at the surface of a highly viscous droplet
containing a few LDH molecules which was previously
injected into a substrate solution allowed very detailed
studies on this reaction [65]. Quantised reaction rates have
been found. The rates were multiple integers of a basic
reaction rate. Using equation (3) and (4), above, this was
interpreted as the reaction catalysed by one, two ....up to six
enzyme molecules [66], Since the LDH reaction is exploited
in the diagnosis of heart attacks, the following chapter shows
in detail how techniques of classical biochemistry can be
scaled down to (almost) the single molecule level:

Classical Enzyme Kinetics in the Single Molecule Range

The LDH reaction is particularly suitable for single
molecule research, since it involves a fluorescent substrate
which is converted into a non fluorescent product, i.e the
reaction can be observed by monitoring the disappearance of
fluorescence. NADH, which fluoresces at 440 nm when
excited at 360 nm, is converted into almost non-fluorescent
NAD-+ in the overall reaction of lactate dehydrogenase:

Pyruvate + NADH <=====> L actate + NAD+ (5)

In the here used "femtodroplet pipetting method" (in
contrast to the "droplet in substrate technique" mentioned
above), the reaction proceeds in a capillary. In equidistant
time intervals, typically every few minutes, femtodroplets (a
few mm in diameter, i.e 10 femtoliters) are pipetted onto a
glass surface and the fluorescence is measured. In reactions,
where fluorescence is reduced, the fluorescence intensity of
the droplets decreases with time. The fluorescence can be
measured by image analysis with a suitable program, here
the program ”"NIH image” (Fig. 1).

A check with no enzyme present showed that the
decrease in fluorescence is not caused by photobleaching.
The brightness of the spots is translated into an intensity vs.
time curve. The slope is interpreted as the reaction rates v.
When the reaction rates v thus determined at different
substrate concentrations [S] is plotted according to eq. (6)
(i.e 1/ v versus 1 / [S], see Fig. 2 below) two typical
parameters of biochemistry, the maximum rate v and the
Michaelis Menten constant Km can be determined:

1/v =11 Vmax + KM/ (Vinax™ [S]) (6)
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Fig. (1). Two rows of femtodroplets. An obvious decrease in fluorescence intensity can be observed which is not caused by bleaching, since

in the absence of enzyme the fluorescence would not change with time

Equation (6) and the plot in fig. 2 follow from the
Michaelis-Menten equation are called the Lineweaver Burk
plot. Its slope gives Km / Vi, its intercept with the x-axis
gives 1/Km, from which Km can be immediately calculated.

The result of this experiment is that the Michaelis
Menten constant can be determined for single molecules
with reasonable accuracy. However, the pattern seen in Fig.
2 indicates some so far not yet understood non-competitive
inhibition of the single molecule reaction by some so far
unidentified impurity. Another result could have been, that
all lines have a common intersection point on the y axis
instead the x axis (competitive inhibition) or that all lines are
parallel (uncompetitive inhibition).

Fig. 3 shows the result of a series of experiments
covering several weeks. Though the Michaelis Menten
constant reveals considerable day to day differences, such a

044 a)

|

|

— |
£ I
= :

e i
g 0,24 l
> ]

- |

0,04 -001 0,02
1/S [uM 1]

variation is also seen with conventional enzyme Kkinetic
experiments and is within the range of Michaelis Menten
constants published in literature. It should be stressed here
again that more than ten orders of magnitude in the number
of enzyme molecules lies between the bulk data and those
obtained with single molecules.

Biophysical Properties of RNA, DNA and Chromatin

As mentioned in the introduction, the variability of RNA
and DNA is virtually unlimited. Textbooks show DNA
molecules as extended filamentous structures. Single mole-
cule experiments show that in physiological environment,
i.e. at salt concentrations around 150 mM, this is not the
case. DNA tends to collapse into a globular structure [66].
Fig. 4 shows micrographs of this process.

A plot ot the apparent length of the collapsing DNA

0,44 b)

001 002
1/S [uM1]

Fig. (2). Examples of Lineweaver-Burk plots obtained using femtodroplet pipetting. The LDH concentration was approximately 244pM or
1,5 enzyme molecules per 10 fl. The plot in a) yields Km=31uM, the one in b) Km=45,9uM.
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Fig. (3). a) Bulk Km values obtained on different calendar days by conventional analysis b) Km values determined on different calendar days
by femtodroplet pipetting. The grey areas indicate the range of bulk Michaelis constants given in literature.

Fig. (4). Collpse of a single, SYBRGreen stained DNA molecule, after the contact to the surface of the microscope slide has been released.

molecule versus time is shown in Fig. 5. Also shown is the
time course of the apparent length in the presence of the
antibiotic netropsin and SN6113, a substance which is
presently tested as anticancer drug. Both substances are
minor groove binders and it is evident that they stiffen the
DNA molecule. Such an effect has also been observed after
binding of histone like proteins to DNA [67]. So far, this
effect is just an interesting observation. It is not clear if it can
be exploited for drug action. As a speculation, stiffening

DNA may make it more accessible for a second group of
drugs which either enhance degradation of DNA in cancer
cells, or it may increase access of repair enzymes to DNA.

The inset of Fig. 5 gives a double logarithmic represen-
tation of the data which can be represented approximately as
a straight line. This is not too surprising, since double
logarithmic plots often yield straight lines. The interesting
detail is that this line has a slope of - 1/ 2, exactly what one
expects if the DNA molecule has the biomechanics of a
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Fig. (5). Graphical representation of the decrease of length of the molecule in fig. 4. Inset: Double logarithmic plot of these data. For details

see text.

classical harmonic spring. The harmonic spring description
is a simple method to describe the action of potential drugs
such as the two substances mentioned above just by two
parameters, the spring constant and a damping factor.

The collapse of a DNA molecule can be reversed by
appliying external force and even be used to stretch or over -
stretch individual DNA molecules. With forces of the order
of 10 - 20 piconewtons, the DNA molecule can be extended
into the normal structure with a length of about 0.3 nm per
base pair. At forces between 20 and 60 piconewtons the
DNA molecule is reversibly over - stretched. up to the 1.7.
fold of its "natural" length and is occasionally termed S-
DNA. Above 60 piconewtons, irreversible over - stretching
will occur. Similar effects are seen with double stranded
RNA. Using the tip of an AFM , Bonin et al. [68] have
investigated the flexibility of dsRNA. They have found a
conformational change similar to the DNA B - S transition
but over - stretching is possible up to a factor of 2.

The folding of single stranded RNA is different and
comparable rather to protein folding. Indeed , some single
stranded RNA molecules fold into structures with enzymatic
activity (ribozymes). Using single molecule FRET, Russell
et al. [69] have shown that folding occurs in deep valleys of
the folding landscape, i.e along very stable pathways.
Interestingly, the temporal sequence of folding is very
critical. If long range contacts are made at the right time,
they stabilise a structure, otherwise they may destabilise it.
With similar techniques [70] it could be shown that the
Tetrahymena thermophilia ribozyme has eight different

folding barriers. Forces of 10 to 30 piconewtons are required
to overcome these barriers. A recent review on biophysical
properties of DNA is available [71].

Chromatin, the Open form of Chromosomes

Of particular interest are the mechanical properties of
chromatin , the complex of DNA with histones which in its
most compact form is known as the chromosome.
Knowledge on forces acting in chromatin and on structural
transitions of chromatin under the influence of a force is
essential to understand the dynamics inside a cell nucleus.
There, 2 meters of DNA have one the one hand to be tightly
packed in order to fit into the cell nucleus with linear
dimensions of a few micrometers, on the other hand regions
of chromatin have to be unpacked in order to make the DNA
available for transcription. It is reasonable to assume that
strong forces are acting. Two types of single chromatin
experiments can be envisioned to give insight into such
processes. When a piece of chromatin consisting of DNA is
wound around nucleosomes is stretched, in a first step 76
base pairs are released at low stretching force. When the
force is increased, additional 80 base pairs are released in
two stages [72]. In a reverse experiment Leuba et al. [73]
studied the assembly of nucleosomes and chromatin. They
found a strong inhibition of assembly at forces as low as 10
piconewton, indicating that DNA needs its full flexibility to
wrap around the nucleosomes. Two recent reviews [74] ,[75]
have summarised such experiments.
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DNA Melting and Zipping : Separating and Joining the
Two Strands

A considerable wealth of information on the double
stranded DNA duplex can be obtained by pulling apart the
two strands. To achieve that, one end of the molecule is
attached to a surface. Of the other end, one strand is also
fixed to some point while the second strand is attached to an
AFM tip or a bead which may be manipulated by magnetic
or optical tweezers. Force can then be used to separate the
two strands of DNA [76]. Stretched unwound DNA dena-
tures locally even at comparably low forces of 2 piconewtons
[77]. However, for complete separation of short double
helices, 17 - 40 piconewtons are required to overcome the
energy barrier for rupture of 9 -13 kcal per mol [78]. Unzip-
ping (or melting) can also be induced by high temperature. In
combination with pulling the molecule, such a melting can
be actively induced, and the DNA denaturation - renaturation
kinetics can be studied. The T4 gene 32 protein pg32
specifically binds to single stranded , i.e. molten DNA. With
single molecule force spectroscopy it was shown that,
surprisingly, gp32 does not reduce, as expected, the melting
temperature, but affects the kinetics of this process [79].
Multiple metastable intermediates were found when lambda
phage DNA molecules were unzipped [80]. Unzipping
changes pace in a sequence dependent manner. Not only
unzipping has been observed on a single molecule basis.
Also the rejoining of individual DNA strands can be
observed on a single molecule basis. A single nanopore,
made of alpha hemolysin, is required. By this approach, the
binding of an octanucleotide to its complementary DNA
strand has been observed with techniques derived from patch
clamping. In spite of the complex environment, kinetics and
binding constants for duplex formation were comparable to
those of bulk experiments [81]. This is an example, where
single molecule experiments do not provide essentially new
information, but confirm that bulk experiments provide
useful data to understand the single molecule process.

Replication, Transcription DNA Repair and DNA
Mapping

So far, biophysical DNA studies were reported. The step
to biochemistry or molecular biology is represented by single
molecule studies on enzymes working on DNA, particularly
polymerases, enzymes involved in DNA replication and
repair. A second sort of enzymes, endonucleases, will be
discussed separately below. Occasionally, it is single
molecule research which detects the true inherent complexity
of polymerases, the enzyme class which synthesizes RNA
from the DNA blueprint [82]. Individual molecules of RNA
polymerase reveal a surprisingly uniform kinetics [83], in
contrast to some predictions derived from protein folding
theories, from which significant differences were forecasted
on the basis of structural heterogeneity. Obviously, evolution
has selected, from the variety of possible structures, only
those which reveal optimal function. Such a polymerase does
not polymerise the RNA continuously, but pausing can be
detected. When the template DNA molecule is stretched, this
pausing can be modified and thus studied in more detail [84].
In a similar way, it has been shown that the rate of DNA
replication slows down when the DNA molecule is stretched
with a force of up to 20 piconewton. Above this force,
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replication completely ceases [85]. In order to observe
reactions, also combed DNA can be used, i.e. DNA stretched
on the surface of a microscope slide. Topisomerases , i.e.
enzymes which are involved in the unwinding of DNA have
been studied on a single molecule basis by Strick et al. [86]
and Dekker et al. [87]), nucleotide excision repair by Segers
- Nolten [88]. The question on how enzyme molecules find
DNA and keep contact during catalysis is of major
importance for maintenance and replication of the genome.
The binding domain of Tc3 transposase, for example, when
stained with the fluorescence dye tetramethyl rhodamine
(TMR) flucutates between a fluorescent and a quenched
form, when bound to DNA [89]. Also, a so far unsolved or at
least heavily disputed question asks for the mechanism of
enzymes at work. Jiao et al. [90] have detected, by time
lapse atomic force microscopy, two modes of target
recognition between the tumour suppressor protein p53 and a
DNA fragment containing a recognition site for this protein :
direct binding and initial non specific binding with
subsequent one dimensional diffusion of the protein along
the DNA to the specific site. Even more important,
polymerases or nucleases work on long DNA molecules,
repeating a catalytic step many times. Polymerases have to
add nucleotides step by step, nucleases have to remove or cut
them. The question is then, for how many steps on enzyme
molecule repeats this task, i.e. how long does it stay attached
to the individual DNA molecule. This has been discussed
under the aspect of processivity. A number of these
questions have been solved with ingenious interpretations of
bulk experiments, but the final answer can only be obtained
by direct observation of single molecule reactions. Harada et
al. [91] have shown in real time how a RNA polymerase
molecule proceeds along a stretched DNA molecule for
approx. 1 micrometer. In these studies, the DNA molecule
remained unstained and the enzyme molecule was fluore-
scence labelled, so that one could observe a fluorescent spot
running along an invisible linear track. In a similar study,
however with restriction endonucleases, the opposite strategy
was employed: The DNA molecule was fluorescence
labelled and the action of the enzymes was observed by the
cuts they induced. Since the cuts in Fig. 6, taken from [92],
are consecutive, one can conclude that one enzyme molecule
remains attached for several micrometers and induces
sequentially all visible cuts.

Single DNA Molecule Sequencing

One of the probably most exciting potential applications
of single molecule research is the sequencing of DNA. The
idea was fostered by the early success to observe the
enzymatic degradation of the molecule [93]. Unfortunately,
full single DNA molecule sequencing , after a decade of
research and even after human genome sequencing has been
completed, has not lived up to its promises. What has been
achieved recently is the reading of 5 bp fragments in single
DNA molecules [94]. The principle idea is straightforward:
Using an exonuclease which digests DNA from one of its
end base by base, a flow of single nucleotides through a
detection volume is generated. By identification of the
sequence of the single individual DNA bases flowing through
this volume, the sequence of the DNA macromolecule, held
in position by optical tweezers or an AFM tip, can be
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Fig. (6). Cutting of a single Lambda phage” DNA molecule which is held by optical tweezers, into a sequence specific pattern, The DNA
molecule is stretched by hydrodynamic flow, otherwise it would collapse into a globular structure. The Eco R1 molecule attaches with
highest probability downstream”, which can be explained by a geometric shadow effect. Then it searches for its first recognition sequence
and cuts. It remains on the molecule and continues search until all five restriction sites are consecutively cut. Cases where the enzyme
molecule binds not absolutely downstream, and cases where the enzyme molecule falls off with the DNA fragment, are also observed but

represent the minority of events.

determined. Two problems have so far hampered this
approach. As for all other optical detection techniques in
single molecule research, fluorescence is needed. Unfortu-
nately, at room temperature, DNA bases reveal a notoriously
low fluorescence yield, 4 to 5 orders of magnitude lower
than typical fluorescence dyes which have a yield of some
tens percent. A few attempts to work in the cold at nitrogen
or even helium temperatures have so far not been successful,
since the digestion-enzyme reaction has to be performed at
room temperature while detection has to be performed in the
cold, and the sharp change of temperature has so far not yet
been managed. The alternative, to attach sequence specific
fluorescence dyes, is exceedingly more difficult than in the
examples described above, since for DNA sequencing, each
DNA base has to be labelled and the overall yield of
labelling has to be 99.9 % in order to be competitive with
conventional DNA sequencing. The labelling reaction has to
be template directed, i.e. to be a sort of DNA amplification.
Once such a reaction is required, one can, however, easily
amplify the single DNA molecule a million of times and the
perform conventional sequencing. Such a strategy has been
used for single molecule profiling of pre -mRNA splicing
[95], after amplification of DNA [96]) and, in a slight
modification, with the BEAM (bead, emulsion, amplifica-
tion, magnetics) technique [97]. Individual DNA molecules
are captured with a magnetic microbead, amplified by PCR
so that each bead carries thousands copies of the same DNA

molecule which can then be sequenced. DNA sequencing
after amplification of an individual DNA molecule has been
successful) and is occasionally referred to as single molecule
DNA sequencing. The original approach of direct sequen-
cing, however, has remained just a concept.

Single Molecule DNA Mapping

In the analysis of some diseases it it important to know
the order of genes or sequence elements along a given region
of the genome. On a 10 to 100 megabase scale, fluorescence
in situ hybridisation (FISH) of metaphase chromosomes can
reveal this order. If, however, such information is required
on a kilobase or low megabase scale , single DNA moleculs
replace the metaphase chromosomes as template. Individual
kilobase or megabase sized DNA molecules are stretched
and attached at the surface of a microscope slide and short,
kilobase sized fluorescent DNA molecules are bound
(hybridised) in a sequence specific manner to the long target
DNA [98]. One will find a fingerprint like sequence
dependent pattern of fluorescence spots. For the preparation
of a large number of target molecules, molecular DNA
combing has been developed, a technique where many DNA
molecules are stretched and parallelised by the receding
meniscus of an evaporating microdroplet [99]. Combed
DNA can be used for mapping of a large number of parallel
molecules [100]. These authors could quantify the number of
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single gene copies on genomic DNA. By hybridization of
300 kb probes against human chromosome 11, the structural
organization of this chromosome could be established on a
single molecule basis [101]. A fluid flow technique, similar
to the one described in the preceding chapter, has been used
to characterise DNA fragments after application of ionising
radiation. The fragments are flowing away and can be quan-
tified in a distant observation volume as fluorescent bursts
[102, 103]. Anazawa et al. [104] have presented a study on
electrophoretic quantification of single DNA molecules.

Restriction Fragment Sizing of Individual DNA Molecules

Foquet et al. [105] have performed fragment sizing in
submicrometre sized fluidic channels. Fragment sizing can,
however, also be used to get sequence information and thus
to characterise individual DNA molecules. As in sequencing,
the individual DNA molecule is held in position by optical
tweezers and is stretched hydrodynamically or electros-
tatically. Then the molecule is cut into different fragments by
sequence specific restriction endonucleases, quite similar as
it is done in bulk DNA typing to solve, for example, criminal
cases or to perform paternity tests. The fragments have sizes
which reflect the sequence of the individual DNA molecule.

Fig. 7 shows, for DNA from the bacteriophage Lambda,
the sizes of the DNA fragments detected by this approach
(green columns) as compared to the sizes expected from the
sequence. The accuracy of individual fragment sizes is lower
but comparable to those from conventional bulk experiments
using 10 - 15 orders of magnitude more molecules.
Individual DNA molecules can be safely characterised.

Interestingly, almost identical results can be achieved by
light induced molecular cutting [107]. Here, restriction
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enzyme molecules were first allowed to bind to their
sequence specific site on a DNA molecule and then to act as
a sort of photo - sensitisers. With unspecific illumination by
light, the DNA was then fragmented.

A particularly original strategy for DNA restriction uses
unzipping of the double stranded DNA molecule. If the two
strands of a double stranded DNA molecule are pulled apart
with AFM tips, force is needed. At positions where
restriction endonuclease molecules have bound to their
recognition site on the respective DNA molecule, the force
required abruptly increases and then decreases. This pattern
of force peaks can be used to assemble a restriction pattern
with an accuracy of approx. 25 base pairs [106].

The Step from In Vitro to In Situ and In Vivo Single
Molecule Research: Single Molecules in Cells

As a first step towards observation of single molecules in
cells, the insertion of dye molecules into model membranes
has been reported by Milhiet [108]. Protein molecules which
usually reside in the cell membrane, have been incorporated
into artificial membranes and their behaviour could be
studied there [109, 110]. Sub - wavelength resolution co -
localisation of individual dye molecules was reported by
Heilemann [111]. Also, on living cells the binding strength
of single fibrinogen-integrin molecule pairs has been
measured by allowing cells to get into contact and then
measuring the acting forces [112]. With optical tweezers, the
binding strength was measured to range from 60 to 100
piconewtons. Since the cells used in these studies, platelets,
play a pivotal role in blood clotting, such information is of
importance for understanding basic features of the generation
of heart attacks and possibly may give hints for strategies for
prevention of these catastrophic events.
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Fig. (7). Determination of the size of the restriction fragments: The fluorescence of the fragment is set in relation to the fluorescence of the
whole molecule and then multiplied with the length of the latter, 48, 502 base pairs. The respective left columns of the left and right panels
are the values expected theoretically on the basis of the sequence of the molecule and the recongition sequences of the two enzyme

molecules used, Eco R1 (left) and Sma 1 (right).
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Smith et al. [113] have shown how the Phi 29 portal
motor protein packs the 6.6 micrometer long double stranded
DNA molecule which contains the genome of this virus
against a force of more than 50 piconewtons into the protein
capsid of this virus. A corresponding theory on these
processes is meanwhile also available [114].

Also, with the aim to study how the mono - cellular slime
mold Dictyostelium discoideum reacts to chemotactic
attraction, the binding of c-AMP molecules to different sites
on the surface of these cells has been studied. The
probability of individual association and dissociation events
was greater for receptors at the anterior end of the cell, i.e.
the side into which the cells migrate [115]. Particularly
exciting is the possibility to "harvest" molecules which are
just passing a pore between cell nucleus and cytoplasma
using an AFM tip. This has been accomplished by
Oberleithner et al. [116] with eggs from the frog Xenopus
laevis. The motion of a beta-galactosidase molecules through
3T3 fibroblasts has been reported by Kues and Kubitscheck
[117]. This working group has also shown how to observe
the motion of single molecules perpendicularly to the
observation plane (the z-direction) of a microscope [118], a
very important technique to observe single molecule
signalling in a cell from its surface through the nuclear
membrane into the cell nucleus or vice versa.

From the viewpoint of molecular pharmacology, the
study of the efflux pump machinery in Pseudomonas
aeruginosa is particularly interesting. This bacterium causes
problems in many hospital and are deadly to old patients,
where they cause lung infection as well as for cystic fibrosis
patients. In a model study, Xu et al. [119] have studied the
transport of material through the cell membrane of
Pseudomonas aeruginosa on a single molecule basis.

A look into a cell with unprecedented detail is possible
with a technique presented by Knemeyer et al. [120].
Fluorescence labelled oligonucleotides were injected in cells
and their binding to m RNA was observed with spectrally
resolved fluorescence lifetime imaging microscopy
(SFLIM). Essentially, individual mRNA molecules could
thus be visualized.

Single Molecule Gene Expression Detection

A particularly interesting strategy of intervention by
drugs is to take influence on gene expression and transport of
genes into the cytoplasm, where the information is translated
into proteins. Essentially, when a cell expresses a gene,
corresponding mRNA can be found in it's cytoplasma. In
order to find out if a specific gene is expressed or if it's
expression is changed in the presence of a drug, one has to
attach a fluorescence label to the corresponding RNA. This
fluorescent label can, for example, be a gene specific RNA
probe. If the cell content is suspended and observed in a
small detection volume of an FCS device, one can identify
mRNA which has bound a partner molecule. This allows to
count the number of MRNA molecules corresponding to the
gene of interest. So far the feasibility of the method has been
shown. A number of details will have to be solved until the
experiment can become routine. However, the first step has
been made [121].

K.O. Greulich

Observing the Infection of Individual Cells by Individual
Virus Particles

The probably most exciting perspective of the application
of single molecule techniques in biomedicine and pharma-
ceutical technology is the observation of the action of
individual virus particles while they just infect a target cell.
The technique of choice for such studies is fluorescence
microscopy, since living cells are involved in such
experiments. It is clear that such a detailed analysis of cell
infection will allow a much better fine tuned development of
pharmaceuticals than classical techniques, where the drug
developer is blind in the most critical moment of infection.
As a perspective, galenics and drug delivery may be further
improved to prevent cell infection of individual virus
particles which otherwise undermine the action of drugs
developed without the detailed knowledge of the very instant
of cell infection.

In a classical work laying the foundation of this exciting
field of research, the group of Christof Brauchle [122]
studied infection of individual cells by individual adeno -
associated virus particles. Comparing the reaction paths and
speeds of many individual virus particles from the surface of
the target cells into the nucleus it could be shown that there
are preferential reaction paths and that the average infection
time is approx. 12 min, however with a large deviation
among individual virus particles

A similar approach was used to observe the infection of
Chinese hamster ovary cells by influenza viruses [123].
Here, the influenza virus X 31 was first incubated with DiD
(Molecular Probes) and then with the amino reactive dyes
Cy3 and CypHer5 (Amersham). This was sufficient to attach
a fluorescence label to the virus and still retain it's infec-
tivity. The virus entered the cell in a three stage active trans-
port process. First, the virus moved, in an actin dependent
manner, in the cell periphery. In a second step it is translo-
cated to the perinuclear region via dynein transport and
finally the virus moves on microtubules in the perinuclear
region. Each of these stages might be a target for drug
intervention and thus such a single particle technique may
turn out to become an invaluable tool in basic drug research.

CONCLUDING REMARK

Single molecule detection and manipulation, though still
in an early stage of application in pharmacology and
biomedicine, promise to open the path for a completely new
analytics , requiring orders of magnitude less material and
providing information on pharmacological processes with
unprecedented information content.
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