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Single file: DNA and RNA are molecules
with a high degree of individuality, and
therefore single-molecule techniques
are necessary to understand their prop-
erties in sufficient detail (see picture).
This Review examines recent techniques
for the preparation, handling, and de-
tection of single molecules of nucleic
acids, as well as some of the obtained
results. These include the construction
of nanomachines, such as a walking
single-molecule robot and a single-mol-
ecule DNA computer.
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Single-Molecule Studies on DNA and RNA

Finally, individual DNA molecules can be manipulated by
using optical tweezers. This approach allows for very gentle
handling and sensitive force measurement. Optical tweezers
(see, for example, references [7,10,11]) are made of a continu-
ous (often near-infrared) laser of moderate power (typically a
few hundred milliwatts), which is focused into a microscope to
the theoretical (diffraction) limit. Light pressure and gradient
forces push and pull microscopic objects towards the focus of
the laser. The force exerted depends on the laser power and
can be determined by several calibration approaches (see, for
example, reference [7]). Since the force transmission between
the tweezers and DNA molecule is low, in most cases the DNA
molecule is attached to a micrometre-sized polystyrene mi-
crobead by techniques similar to those mentioned above for
attaching molecules to an AFM tip. Figure 1 shows such a
strategy in detail.
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Figure 1. Attachment to a microbead and manipulation of a single DNA
molecule. DNA molecules are end-labelled with biotin using a commercial
biotinylation kit. These molecules are fluorescence-stained with SYBRGreen
by mixing and stirring. Then the fluorescence-stained, biotinylated mole-
cules are mixed with commercially available streptavidin-coated polystyrene
microbeads. By mixing at a suitable stoichiometry, single DNA molecules, or
occasionally even two or three, are attached to the beads. The latter are
held by optical tweezers, while the environment is moved by moving the
xy stage of the microscope, thus stretching the DNA molecule under obser-
vation. Enzyme solution is added with a micropipette to start a reaction.

As with AFM tips, the mechanical properties of biomolecules
can be measured with optical tweezers. For some applications,
magnetic tweezers can be used instead of optical tweezers."?
In this case, the microbeads are magnetic and the force is ex-
erted by magnetic fields. Magnetic tweezers are somewhat less
versatile with respect to the trajectories on which a single DNA
molecule can be moved, but the range of forces is much larger
and application of a torque to a single molecule is possible in
a more convenient way than with optical tweezers. Thus, mag-
netic tweezers are often used to pull the two complementary
strands of DNA apart or to stretch and overstretch single DNA
molecules. Selected experiments of this type will be discussed
below.

2.2. A Short Overview of Detection Techniques

There are several methods available for the detection of single
nucleic acid molecules. Essentially, the most classical of these is
electron microscopy. AFM and scanning near-field optical mi-
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croscopy (SNOM) require less sophisticated sample prepara-
tion. In AFM, molecules can be used without labelling, while
electron microscopy and SNOM require special preparation
techniques. In spite of the advantage of very high resolution,
all these methods have one disadvantage: their temporal reso-
lution is low. This is the reason why conventional far-field mi-
croscopy has also found its firm place in single-molecule de-
tection, and particularly in studies of single-molecule reactions.
The temporal resolution of far-field microscopy with a simple
CCD camera is 40 or 33 ms (PAL or NTSC systems, respectively)
and can be increased to better than 1 ms with specialised cam-
eras. It is no real problem to achieve single-molecule sensitivity
similar to that of the competing techniques above. The appar-
ent disadvantage of lower resolution is often not as severe as
it may appear; in most cases single molecules are observed in
the absence of other molecules in close vicinity. Then, the only
price one has to pay is that the molecules appear to be too
thick. Quite often this drawback is acceptable.

2.3. Conventional Far-Field Microscopy

In experiments where structural details are not required but
the aim is to obtain information on reactions or the dynamics
of a nucleic acid molecule, a conventional microscope is
indeed the tool of choice. Mere visualisation of individual mol-
ecules is possible down to sizes of a few nanometres (see, for
example, p. 274 of reference [7]). As indicated above, the price
one has to pay is that the molecules appear too large, but for
many applications this drawback is acceptable. The conven-
tional fluorescence microscope has two significant advantages
compared to the high-resolution near-field techniques de-
scribed in Section 2.6: it is fast, that is, the dynamics of mole-
cules and reactions become experimentally accessible, and
preparation techniques can be easily adapted from bulk ana-
lytical methods.

One disadvantage of conventional far-field microscopy is
that only molecules with a significant intrinsic fluorescence
yield, or nonfluorescing molecules after extrinsic labelling with
a fluorescent dye, can be investigated. Fortunately, DNA mole-
cules can be easily labelled just by mixing them with suitable
dyes such as DAPI, SybrGreen, YOYO, TOTO etc. The detection
of 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 a light quantum every 10 ns,
up to 100 million quanta might be expected from a single mol-
ecule. The problems are caused by other effects. First of all, a
dye molecule will decay after a few hundred up to a million
cycles of excitation and emission into a nonfluorescing deriva-
tive. This effect is usually termed “photobleaching”. Secondly,
to excite a dye molecule, some hundred million photons will
pass through the detection volume and many of them may be
scattered and reach the fluorescence detector, since, under
these harsh conditions, optical filtering techniques are not
completely sufficient to filter out all scattered excitation pho-
tons. Thus, it is difficult to identify the useful fluorescence pho-
tons. This is the major challenge for classical light microscopy
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in single-molecule analysis, and not so much the sensitivity
itself.

2.4. Foerster/Fluorescence Resonance Energy Transfer
(FRET)

Generally, fluorescence microscopy is by far the best-suited
technique for observing single nucleic acid molecules in living
cells. Other microscopic techniques, such as the electron mi-
croscope or the near-field microscopes described in Sec-
tion 2.6, cannot look into their interior. Thus, approaches have
been developed to circumvent the poor spatial resolution limit
of conventional light microscopy. This is, to some extent, possi-
ble with Foerster (or fluorescence) resonance energy transfer
(for a competent recent review, see reference [13]). FRET can
increase the resolution beyond the diffraction limit of conven-
tional microscopy. Here, a pair of fluorescent molecules is used
to measure distances in the order of 1-10 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 “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
indicates the mutual approaching of the donor/acceptor pair
to a distance in the order of the Foerster distance, which is ap-
proximately 10 nm for the dye pair Cy3/Cy5, for example.
These or other donor/acceptor pairs can be used to study pro-
tein-DNA interactions as well as RNA folding on a single-mole-
cule basis. Generally, the Foerster distance R, of a given donor/
acceptor pair can be calculated as [Eq. (2)]:

R, =8.79 x 1075 k2 n"* / ea(A) fy (1) A*dA 2)

where the integral on the right is the overlap integral between
the emission spectrum of the donor and the absorption spec-
trum of the acceptor. Only in rare cases can it really be calcu-
lated. However, one can estimate it graphically with good ac-
curacy by comparing the overlap area for a desired donor/ac-
ceptor pair with the overlap area of a known pair such as Cy3/
Cy5, which is available in datasheets of companies supplying
these dyes. n is the refractive index of the environment of the
dye molecules and « is the “orientation factor”.

This orientation factor is often not considered in the inter-
pretation of FRET experiments. Optimal energy transfer is only
achieved when the donor and acceptor molecules are in an
ideal mutual position, rather like radio waves where the anten-
na has to be brought into optimal orientation with the radio
emitter. If the orientation is nonoptimal, the orientation factor
is too low and R, turns out to be too small. When, in this case,
the interaction of two molecules is studied by FRET, the result
may be “no interaction” in spite of the fact that interaction
does indeed occur. To be on the safe side, dyes should be at-
tached to the molecules under investigation in such a way as
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to enable them to rotate freely. Then k? is 2/3 and one can
work with exact values.
The distance law for FRET is given by Equation (3):

E=1/[1+ (R/R,)°] 3)

It can be easily verified by Equation (3) that at a distance R=
R,, the energy-transfer efficiency E is just 1/2 (or 50 %).

2.5. Fluorescence Correlation Spectroscopy (FCS)

The basic principle of FCS is to extract information from a
signal that appears, at first glance, just to be noise. This is the
case if one illuminates a small volume and tries to detect pho-
tons at an angle of 90° with an extremely sensitive single-
photon detector. The detector will produce signals due to ther-
mal noise and to photons scattered statistically by the water.
In such true noise, there is no correlation between a signal at a
given time and a signal taken at a given later time. If, however,
a single fluorescent molecule migrates sufficiently slowly
through the observation volume, it will absorb and re-emit
photons several times. As long as the fluorescent molecule is
in the observation volume, the number of signals reaching the
detector is slightly higher than that of the mere noise, since
FCS is not a microscopic technique in the sense that images
are evaluated. Rather, photon signals are detected statistically
from a solution containing very few fluorescing molecules. Sur-
prisingly, there is a strategy available that nevertheless gives
the desired information. Measurements are made at a given
time T, then after a delay time t, 2t, 3t and so on, the result
for the different delay times is multiplied by that of t=0 (that
is, at time 1) and the results are summed up in a suitable way.
This results in the autocorrelation function [Eq. (4)]:

G(T) :< F(T + t) F(t) > average over (/ < F(t) > zaverage over t (4)

where t is the waiting time. With a fast molecule, after a delay
of, say, 3t, there is no signal above average noise, since the
molecule is no longer there, so the contribution of the corre-
sponding mathematical product is zero, as it is for all longer
delay times. With a slower molecule, there are also contribu-
tions for longer times, that is, G(t) becomes larger.

G(t) is related to the speed of the molecule, which can be
used to calculate the diffusion constant of the molecule and
hence to estimate its molecular weight. Such experiments are
often used to measure the binding of two individual mole-
cules. This is possible when the two binding partners differ by
at least a factor of 8-10 in size; for example, the binding of a
small antigen to an antibody or the hybridisation of a small
DNA or RNA oligonucleotide to a long DNA or RNA molecule.
Maier et al™ studied binding sites of single glucocorticoid
molecules on cell membranes. In such experiments, the smaller
binding partner is made fluorescent so that it is visible as a
fast-diffusing object, while the complex of small and large part-
ners is visible as a slow object. The correlation analysis not
only allows the absolute migrating velocities to be determined
but also the ratio of free to bound molecules, that is, the bind-
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ing constants according to the mass action law. The aforemen-
tioned size ratio of 8-10 is sometimes a drawback in FCS. How-
ever, this has been overcome by two-colour techniques,™
casionally even combined with FRET."®

ocC-

2.6. Near-Field Microscopy (STM, SNOM, AFM)

As already indicated in Section 2.1, AFM can be used as a
nanomanipulation instrument in the preparation of single DNA
molecules, as well as a microscope with extremely high resolu-
tion. Essentially, however, the AFM is a near-field microscope.
Near-field microscopes all work according to a common basic
principle: a type of ultrafine stylus, the AFM tip, scans an
object line by line and subsequently assembles an image from
the data it has obtained. The near-field working principle can
be clearly understood using the example of a doctor’s stetho-
scope, where the acoustic waves of a beating heart with wave-
lengths of metres can be exploited to localise, for example, the
human heart accurately within centimetres. The resolution
limit of wave processes is no longer valid in the near field.
Therefore, the spatial resolution of near-field microscopes can
be much higher than the resolution of any far-field micro-
scope. For the optical version of the near-field microscope, the
scanning near-field optical microscope (SNOM) or optical
stethoscope, the present practical resolution is 40-60 nm. For
the scanning tunnelling microscope (STM), which uses quan-
tum mechanical interactions to detect objects, it is under 1 nm
and occasionally reaches subatomic resolution. Unfortunately,
the STM can only image conducting molecules. In spite of the
fact that DNA has a moderate conductivity (see also refer-
ence [80], this is not sufficient to image DNA with optimal res-
olution. For this reason, early attempts to sequence DNA
merely by imaging such a molecule with the extreme resolu-
tion of an STM were in the end unsuccessful.

Thus, the near-field microscope best suited to the analysis of
single biomolecules is the AFM with a resolution in the low-
nanometre range. Here, a combination of primarily very short-
ranging van der Waals forces and electrostatic forces with a
longer range is used for detection. To obtain the highest possi-
ble resolution, the electrostatic forces have to be suppressed.
Even the combination of an AFM with a confocal laser scan-
ning microscope is available."”” To obtain an image of an
object, one has to get as close to it as possible, since the reso-
lution increases as the distance of the stylus from the molecule
under investigation decreases. Voltage can easily be translated
into position by using piezoelectric positioning elements, and
an accuracy of a fraction of a nanometre is possible. Two de-
tection modes are used: firstly, the distance of the stylus/tip to
the molecule under investigation is readjusted at each scan-
ning point, so that a preset force is acting. The position of the
stylus allows the height of the object at this position to be de-
termined. A second approach is to keep the z position of the
stylus constant and to measure the force. Then, based on
some assumptions about a specific distance law of this force,
the height has to be calculated. By repeating this step pixel by
pixel, finally the whole image can be assembled.
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As discussed in the section on molecule preparation, the tip
of an AFM can be used as an extremely fine manipulator for
handling individual molecules. In addition, intramolecular
forces in nucleic acids, for example during stretching, and in-
termolecular forces between nucleic acids and their binding
partners can be measured. If one exerts a force of a few hun-
dred piconewtons, noncovalent bonds will be cleaved. During
pulling, the force first decreases approximately linearly with
the pulling distance. Then, the force decreases abruptly to a
much lower value. This effect is interpreted as the unbinding
force. However, a number of other facts have to be considered,
such as the pulling speed and specific molecular details. Never-
theless, the theory on single-molecule force spectroscopy has
meanwhile been elaborated sufficiently to extract exact bind-
ing forces from such experiments. The unbinding process has
a stochastic nature. Therefore, the measured unbinding forces
of single unbinding events on the same individual molecule
vary, and a statistical analysis has to be performed via a force
histogram. This generates a probability curve with a most
probable force of some tens up to a few hundred piconewtons
and a full width at half maximum (FWHM) of 50-100 pN.'®'® A
large number of such force spectroscopy experiments have
been performed with proteins. For example, a force-based pro-
tein biochip has been suggested® and different models of
protein activation have been evaluated by single-molecule
force spectroscopy.”?”

3. Results
3.1. Stretching and Folding of RNA and DNA

In textbook presentations the DNA molecule is always shown
as an extended filamentous molecule, whereas in a physiologi-
cal environment, that is, at salt concentrations around 150 mm,
it is present as a globular molecule. It can be stretched by elec-
trostatic forces,***? with optical tweezers or with an AFM tip.
With forces in the order of 10-20 pN, the DNA molecule can
be extended into the normal structure with a length of about
0.3 nm per base pair. At forces of between 20 and 60 pN, the
DNA molecule is reversibly overstretched up to 1.7-fold of its
“natural” length®?¥ and is occasionally termed S-DNA. Above
60 pN, irreversible overstretching will occur. Similar effects are
seen with double-stranded RNA. Using the tip of an AFM, a
conformational change similar to the DNA B-S transition was
detected, but overstretching is possible up to a factor of 2.
When small-molecule ligands bind to DNA, the force spectrum
changes dramatically. For example, the binding of minor- or
major-groove binders results in a transition from the conven-
tional B form of DNA to its stretched S form, which manifests
itself as a distinct plateau in the force-extension curve, while
the intercalation of small molecules causes this plateau to
vanish.?

The folding of single-stranded RNA, as opposed to double-
stranded RNA, is different and can be better compared to pro-
tein folding. Indeed, some single-stranded RNA molecules fold
into structures with enzymatic activity (ribozymes). Using
single-molecule FRET, Russell etal.”” showed that folding
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occurs in deep valleys of the folding landscape, that is, 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; if not, they may destabi-
lise it. With similar techniques it was possible to show that the
Tetrahymena thermophilia ribozyme has eight different folding
barriers. Forces of 10-30 pN are required to overcome these
barriers.”®

3.2. Chromatin

Of particular interest are the mechanical properties of chroma-
tin, the complex of DNA with histones, which, in its most com-
pact form, is known as the chromosome. Knowledge of the
forces acting in chromatin and of the structural transitions of
chromatin under the influence of a force is essential to under-
stand the dynamics inside a cell nucleus. There, 2 m of DNA
must be tightly packed to fit into a cell nucleus with linear di-
mensions of a few micrometers, but regions of chromatin also
have to be unpacked to make the DNA available for transcrip-
tion. It is reasonable to assume that strong forces are acting.
Similar techniques as those mentioned above are used to
study the stability of nucleosomes and of chromatin, the struc-
tures in which DNA is usually present in living cells. When a
piece of chromatin consisting of DNA wound around nucleo-
somes is stretched, the first step is the release of 76 base pairs
at low stretching force. When the force is increased, 80 addi-
tional base pairs are released in two stages.” An example of
experiments of this type is given in Figure 2 (reproduced from
reference [30]).

The assembly of nucleosomes and chromatin was studied in
a reverse experiment,®" and assembly was seen to be strongly
inhibited at forces as low as 10 pN, which indicates that DNA
needs its full flexibility to wrap around the nucleosomes. A
short review on stretching of chromatin is available.®?

3.3. Forces between Complementary DNA Molecules and in
DNA Protein Complexes

Knowledge of the forces that govern the binding of a DNA
strand to its complementary strand is not only interesting in
principle, but also necessary to understand DNA melting, a
process governing techniques such as DNA hybridisation, the
polymerase chain reaction (PCR) or even DNA repair. In most
corresponding experiments, one end of the molecule is attach-
ed to a surface. At its other end, one strand is also fixed to
some point while the second strand is attached to an AFM tip
or a bead that can be manipulated by magnetic or optical
tweezers.

Stretched, unwound DNA was denatured (unzipped) locally
with forces as low as 2 pN,** whereas 17-40 pN was needed
to overcome the energy barrier for rupture of 9-13 kcalmol to
completely separate short double helices.*¥ Danilowicz et al.
found multiple metastable intermediates when lambda phage
DNA molecules were unzipped.® Unzipping changes progress
along a DNA molecule in a sequence-dependent manner, but
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Figure 2. Attaching a single A-DNA molecule between two polystyrene
beads. a) Schematic representation of a single DNA molecule suspended be-
tween two beads. After immobilisation of the first bead on a micropipette
and the second in optical tweezers, end-biotinylated DNA is introduced into
the flow cell. The deflection of the transmitted laser light through the poly-
styrene bead is used to monitor the drag force on the bead under a con-
stant flow rate (approx. 1000 ums™'). b) The attachment of a single DNA
molecule is detected as a sudden increase in drag force on the trapped
bead. Under optimised conditions it is possible to have only a single mole-
cule attached to the bead (0.25 pgmL ™" A-DNA). ¢) At a higher DNA concen-
tration (2.5 pgmL™") the drag force increases in a stepwise manner as a
result of multiple DNA molecules attaching to the trapped bead. The vertical
arrows indicate the increases in stepwise force detected per additional at-
tached DNA molecule. (Reproduced from reference [30].)

not with sufficiently high specificity to be exploited for single-
molecule DNA sequencing (see also below).

Binding between the two complementary strands of DNA is
accomplished by stacking forces and by H bonds. In an experi-
ment to study the effect of single base-pair (bp) mismatches,
single-strand oligonucleotide molecules (20 bases in length)
were bound to a surface, and their complementary strands
(either ideally fitting or with one or two mismatches) were at-
tached to the tip of an AFM.B? Both types of strands were al-
lowed to hybridise, then the rupture force was determined as
a function of stacked bases or H bonds. Both types of bonds
showed a linear relationship of approximately 4 pN per stacked
base and 1.5 pN per H bond. Mismatches reduced the force by
roughly this value, which indicates an internally consistent
mechanism for hybridisation forces. Both the unzipping and re-
joining of individual DNA strands have been observed on a
single-molecule basis. A single nanopore made of a-haemoly-
sin is required. With this approach, the binding of an octanu-
cleotide to its complementary DNA strand has been observed
with techniques derived from patch clamping. In spite of the
complex environment, the kinetics and binding constants for
duplex formation were comparable to those of bulk experi-
ments.>”)
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Since about 15% of the 20000 human genes encode pro-
teins that bind to nucleic acids, the forces which act during
the binding of partner molecules of DNA such as proteins are
almost as important as the DNA-DNA binding forces just de-
scribed.

As an example of the binding of a protein with regulatory
function, the binding of LexA, which controls 31 genes of Es-
cherichia coli with slightly different binding motifs, to E. coli
DNA were studied by force spectroscopy. Dissociation rates of
0.045 and 0.13s™' were determined for the recA and yebG
binding motifs, respectively. It was also possible to determine
the width of the binding potentials as 5.4 and 4.9 A, respec-
tively. The most probable unbinding force was 40 pN."?

The binding of the regulatory ExpG protein to its target pro-
moter regions in the soil bacterium Sinorhizobium meliloti 2011
was studied by a combination of molecular biology and force
spectroscopy. Forces, dissociation rate constants and binding
potential widths were determined with high accuracy and at
different loading rates. Since the unbinding rate constants
were different at low and high loading rates, it was possible to
give some new details on the molecular binding mecha-
nism =3

A new technique, unzipping force analysis of protein associ-
ation (UFAPA),® detects DNA-protein interaction forces by un-
zipping a double-stranded DNA molecule with optical tweez-
ers. When the unzipping fork reaches the site where a protein
is bound, the unzipping force abruptly increases. Two classes
of binding sites have been found for the DNA binding protein
BsoBI: one with an average binding force of approximately
30 pN and one with a force of 45 pN.

In the UFAPA experiment just described, a branch (the zip-
ping front) was induced by exerting force. In vivo such a
branch is, for example, the Holliday junction. Its migration rep-
resents an important step in genetic recombination and in
DNA repair. It is generated by a protein complex called RudAB.
Magnetic tweezers were used to measure forces and speeds
during the migration of a Holliday junction along a 6-kb DNA
molecule. It was found that, at zero force, the branch migrated
at a rate of 43 bps~". It was directly demonstrated that RuvAB
acts as a highly processive motor protein.””!

3.4. Single-Molecule Restriction Analysis

UFAPA and similar techniques as described in the previous sec-
tion can be used to identify and characterise single DNA mole-
cules. Since a given kind of DNA binding protein attaches in a
sequence-specific manner, sequence elements can be recon-
ciled from such experiments. However, the present accuracy is
approximately 25 bp™" and thus only a relatively imprecise fin-
gerprint can be obtained.

A much more precise technique is single-molecule restric-
tion analysis. The enzymes involved in this technique, the re-
striction endonucleases, recognise sequence elements on long
DNA molecules four to ten bases in length with single-base ac-
curacy, and cut the molecule in a position close to this recogni-
tion sequence. This technique, in the bulk form known as DNA
typing or paternity testing, has now also matured into a
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single-molecule technique. One successful approach in single-
molecule DNA restriction analysis attaches the DNA molecule
to be characterised to a micrometer-sized polystyrene mi-
crobead, which serves as a handle to be manipulated by opti-
cal tweezers.***' The DNA molecules are labelled with the flu-
orescent dye CYBRGreen, which was previously found not to
affect the reaction of the restriction endonucleases Apal,
Sma1l and EcoR1. The labelled DNA molecules were directly
visible under a fluorescence microscope. When one of the re-
striction enzymes was added, the cutting of the DNA molecule
could be observed directly. The restriction fragments floated
away and could be sized just by measuring their fluorescence
with an accuracy of approximately +20%. Interestingly, for
about 70% of all observed molecules the reaction progresses
sequentially from one restriction site to the next on DNA mole-
cules with more than one restriction site, for example in the re-
action of Smal or EcoR1 with the lambda phage DNA mole-
cule. Figure 3 shows microscopic images of such a reaction
with Smal.

microbead

A-DNA (48.502 bp) + Sma |:

8.612b 8.271b 12.220 bj

19.399 b

Figure 3. a—f) Progress of the cutting of a single lambda phage molecule by
a restriction endonuclease Smal, which is expected to cut this molecule into
four fragments according to the pattern at the bottom. For a similar result
with EcoR 1, which yields six fragments of lambda phage DNA, see refer-
ence [43].

Furthermore, two overall reaction rates were observed.>*!

The reaction mechanism shown in Figure 4 was derived from
such experiments. The model shows that two overall reaction
velocities are expected. Indeed, for each restriction endonu-
clease studied so far, these two velocities were found.
Meanwhile, techniques for sizing kilobase-sized DNA mole-
cules have attained an accuracy of 7-14%.“¥ Sometimes one
would like to start the restriction reaction at a precisely select-
ed time. For this purpose, use is made of the fact that most re-
striction endonucleases need free magnesium. If the latter is
present as a caged compound, all ingredients for the restric-
tion reaction can be premixed and the reaction then started
by a short laser pulse, which liberates the magnesium and
starts the reaction.®’ At sufficiently small concentrations of
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Figure 4. A) An enzyme molecule is close to the DNA molecule attached to
a polystyrene microbead and held in position with optical tweezers. Hydro-
dynamic flow stretches the DNA molecule. Shortly thereafter, the enzyme
molecule attaches to the DNA and starts searching for a restriction sequence
by linear diffusion along the DNA molecule. B) When the enzyme has found
a restriction sequence, it cuts the DNA molecule. Here, it does not fall off
along with the restriction fragment and can continue on the same molecule.
This step is fast. C) In this case the enzyme molecule falls off and a new
enzyme molecule has to find the DNA molecule. This step is slow.

caged calcium and with a sufficiently sharply focused laser, it is
even possible to select the specific part of a long DNA mole-
cule from which the reaction should proceed.

For practical single-molecule DNA typing it is often not nec-
essary to stretch the molecules. Restriction endonucleases also
work on collapsed DNA molecules (see Figure 5).

pRevTet-On + Miu [:
one cut

pRevTet-Off + Mlu [: pRevTet-Off + Mfe I:
no cut one cut

Figure 5. Two different DNA molecules (the plasmids pRevTet-on and pRe-
vTet-off) are treated with the restriction endonucleases Mfel and Mlul. pRe-
vTet-off is cut by Mfel (two fluorescence spots are visible) but not by Mlul.
For pRevTet-on the reverse is the case. As a consequence, both molecules
are distinguishable in a comparably simple single-molecule experiment.
(Figure courtesy of Burk Schéfer, former PhD student of the IMB Jena.)

pRevTet-On + Mfe I
no cut

3.5. Single-Molecule DNA Hybridisation, Single-Molecule
Sequencing and the Detection of DNA Damage on
Single Molecules

A further strategy used to characterise DNA molecules is by
DNA hybridisation. The logic behind it is the same as in restric-
tion mapping, except that sequences in the DNA molecule to
be characterised are not recognised by a protein, but by a
complementary short sequence of DNA. To map megabase-
sized individual DNA molecules,*” they are stretched and at-
tached to the surface of a microscope slide and short, kilo-
base-sized fluorescent DNA molecules are bound (hybridised)
in a sequence-specific manner to the long target DNA. The re-
sulting fluorescence pattern can be used to fingerprint the
megabase-sized DNA molecule. This mapping can also be
combined with two-photon imaging.*® Again, a fingerprint-
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like sequence-dependent pattern of fluorescence spots can be
found.

DNA hybridisation is also the basis for single-molecule PCR
reactions. Several experiments have shown that this reaction
can be performed when only one DNA molecule is available. If
such an individual DNA molecule is amplified and then se-
quenced, a very simple form of single-molecule DNA sequenc-
ing is obtained.*® This is not really the technique termed
“single-molecule sequencing” in the final decade of the last
millennium. This expression meant a direct sequencing of one
individual molecule without any amplification step. So far
single-molecule sequencing has not lived up to its promises.
However, optical sequencing of individual DNA molecules may
receive a new impetus from work which enabled fluoro-
chrome-labelled nucleotides to be incorporated exactly into an
array of large single DNA molecules.”

No hybridisation step is required to detect abasic sites, that
is, DNA damage where bases become lost in a DNA molecule.
Such sites react with aldehyde reactive probes. If a streptavidin
molecule is coupled to such a probe, the abasic sites can be
detected with fluorochrome-coupled streptavidin, which tight-
ly binds to the biotin label. Since such constructs reveal a very
bright fluorescence, this sort of DNA damage can be easily de-
tected on a single-molecule basis.”"”

Both abasic sites and DNA double-strand breaks can be ob-
served on single molecules that are stained with the cyanine
dye YOYO. Under intense illumination at wavelengths of 450-
490 nm, T4 DNA molecules break and the breaks become di-
rectly visible. It has been shown that the flavonoid glycosyl
hesperidin prevents double-strand breaks.®? This observation
is interesting for nutrition research since it is known that flavo-
noids in general prevent diseases, including cancers, which
may be caused by DNA double-strand breaks. An ability to
study the effect of flavonoids on DNA by direct inspection may
significantly improve our knowledge of their protective effects.

3.6. Transcription Rates and Pausing of RNA Polymerases

Probably the best-investigated single-molecule enzyme reac-
tion is that of RNA polymerases. These enzymes catalyse the
synthesis of messenger RNA by reading the DNA template,
that is, the transcription of genetic information into working
molecules. Two questions are often asked: what is the speed
of transcription and how uniform is it for a homogeneous
preparation of RNA polymerase molecules? And what happens
at pausing sites corresponding to regulatory elements in the
DNA sequence to be read?

If the template DNA does not contain any sequence element
that might cause pausing, the enzyme reads through the tem-
plate at a relatively uniform speed. Some authors find a uni-
form kinetics among the individual molecules,”® whereas
others state inherent complexity.”” One experiment studied
140 individual E. coli RNA polymerase molecules on a 2650-bp
DNA template. The individual molecules were tagged with
199-nm-diameter microbeads. A Gaussian distribution of
speeds was determined with a mean of 16 bps™' and a stan-
dard deviation of 7 bps™', much larger than the accuracy of
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the detection technique which was 1bps . This result

means that different individual RNA polymerase molecules do
indeed work at different speeds.

As mentioned above, templates may contain sequence ele-
ments that cause pausing of the polymerase. The results re-
ported in the literature are controversial. One work®® reports
that, at 21°C and a nucleotide concentration of 1 mwm, the
pauses are 1-6 s and their duration is not affected by either a
hindering or an assisting load. On the contrary, it has been re-
ported that, when the template DNA molecule is stretched,
this pausing can be modified.®”! Also, by using runoff transcrip-
tion to determine the position of the polymerase with an accu-
racy of 5 bp, the dwell time at the pausing sequences was re-
ported to decrease with the assisting load®® and to be se-
quence dependent.” Thus, the issue of the influences of load
and sequence on transcriptional pausing is still open to discus-
sion.

One of the aforementioned pausing sites may be a promot-
er. The complex sequence of events at a promoter site was
studied for an RNA polymerase derived from the T7 bacterio-
phage. The binding of this enzyme was described by a k. rate
of 2.9 s7". The rate constant for the transition to the elongation
mode was 0.36 s~'. The reaction rate was 43 nucleotides per
second and the transcript was released after approximately
1200 nucleotides.®™ With 43 nucleotides per second, this T7
bacteriophage polymerase is faster than the E. coli polymerase
described above. It is also faster than lambda phage endonu-
clease, an enzyme performing essentially the reverse task of
depolymerising a nucleic acid by removing base pairs, which
works at a rate of 12 nucleotides per second," comparable to
the E. coli polymerase.

3.7. DNA Replication and DNA Repair

DNA replication and repair are performed by multienzyme
complexes, such as DNA polymerases, helicases and topoiso-
merases. The working mechanism of some of these enzymes
has also been elucidated in single-molecule studies.

UvrD is a helicase acting as a molecular motor that unwinds
double-stranded DNA. It was concluded from bulk experiments
that a UvrD molecule moves from the 3'site to the 5'site
along one strand in a highly processive manner. Single-mole-
cule experiments, however, revealed that the mechanism is
more complex: after unwinding the double-stranded DNA mol-
ecule, the strands are unzipped in a step which is slow, since
the enzyme has to be translocated. In contrast to the bulk ex-
periments, single-molecule experiments have revealed that
UvrD switches strands and translocates backwards on the
other strand, probably to allow the DNA to re-anneal.®”

Two other classes of enzymes that have been studied on a
single-molecule basis are topoisomerases, enzymes which are
involved in the unwinding of DNA®*® and the enzymes of
nucleotide excision repair (NER).*® NER is a mechanism by
which DNA damage on one of the two complementary strands
of double-stranded DNA are repaired. One step in this DNA
repair process is the recognition of the DNA damage by the
XPA protein. The use of a laser-scanning microscope enabled
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such damage in single DNA molecules to be visualised after
fluorescence labelling of the DNA with Cy3.5. Their co-localisa-
tion with green fluorescent protein (GFP)-labelled XPA mole-
cules could also be shown directly.

In the case of DNA polymerases, 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 pN. A higher force causes
replication to cease completely.”*®

3.8. RNA, mRNP and Viruses in Single Cells

Inside a living cell, information stored in the DNA sequence
and packed in the nucleus needs to be converted into working
molecules such as proteins and to be trafficked to specific
target sites. Single-molecule studies on proteins in living cells
have been discussed in the reviews mentioned at the begin-
ning of this overview.* Even more important are single-mole-
cule studies on the behaviour of nucleic acids in single cells,
since each individual nucleic acid molecule represents a mes-
sage on its own. For example, a single messenger RNA mole-
cule or a single mRNA-protein (mRNP) complex can be used,
after migration from the cell nucleus into the cytoplasm, by
the protein synthesis machinery (the ribosomes) to generate a
large number of corresponding protein molecules.

Under optimal conditions, individual RNA molecules can be
tracked for several hours. This has been shown in individual
E. coli cells.*” Most of the dynamics of such a molecule is con-
sistent with Brownian motion, but occasionally a better de-
scription of the motion behaviour was achieved, when chain
elongation was assumed. Implicitly this means that the tran-
scription of an RNA molecule from the DNA template was ob-
served on a single-molecule basis.

The observation that RNA moves essentially by Brownian
motion or diffusion in E. coli cells may seem reasonable for
these small cells without a nucleus, but this type of motion is
less evident in eukaryotic cells. After transcription, the mRNA is
packed together with proteins into a mRNP comple, it is then
transported to a nuclear pore through which it is delivered to
the cytoplasm, and finally to a ribosome where the message is
translated into a protein molecule. There was some controver-
sy as to whether this transport was accomplished by a directed
transport process or by mere diffusion, as had been observed
in bacterial cells. The controversy could not be settled by ex-
periments based on bulk molecules. In a single-molecule ex-
periment,”®® three positions of the transport process were la-
belled with blue, red and yellow fluorescent protein, all of
which are variants of GFP. The genetic locus on the DNA was
labelled with blue (cyan), the transcribed mRNA with red and
the translated protein with yellow. Then the transport process
was observed under a fluorescence microscope by single-parti-
cle tracking and with fluorescence recovery after photobleach-
ing (FRAP), a technique which bleaches out a small volume in
the cell and measures the motion of fluorescent molecules via
the recovery of fluorescence in the bleached region. The result
of this study was that mRNPs reach the nuclear pores and fi-
nally the site of translation in the cytoplasm by diffusion, with
diffusion constants between 0.01 and 0.09 um?s™". The process
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is not directional. Only some steric hindrance due to corralling
in the subnuclear fine structure slightly delays the process.

The opposite process, the path genetic information takes to
get into a cell from outside, for example during a viral infec-
tion, was studied by using essentially the same technique'®”
and observing viral RNPs with the genetic material of the influ-
enza virus. Again, the major driving force behind the transport
is diffusion through the cytoplasm to the nuclear pore. Howev-
er, the interaction with the nuclear pore complex can have
very different dissociation constants, which vary by two orders
of magnitude. A specific protein, the M1 protein, downregu-
lates the import of the influenza virus genome into the cell nu-
cleus, but has no influence on other parts of the transport
chain. It has been suggested that this effect can be exploited
to develop drugs that will modify this interaction with the nu-
clear pore complex in such a way as to reduce the infectious
potential of the influenza virus.

The transport of whole individual virus particles has been di-
rectly observed for individual adeno-associated virus particles
by fluorescence microscopy. By comparing the reaction paths
and speeds of many individual virus particles from the surface
of the target cells into the nucleus, it has been possible to
show that there are preferential reaction paths and that the
average infection time is approximately 12 min, but with a
large deviation among individual virus particles.”®

3.9. Transistors, Nanomachines and Robots Made of Single
DNA Molecules

Probably one of the most exciting perspectives, although in
the early stages of feasibility studies, is nucleic acid nanotech-
nology.”" This includes the use of DNA as a construction ele-
ment in nanometre-sized structures such as transistors, com-
puters or even automotive nanomachines. Two properties
make DNA the ideal material for the assembly of complex
nanostructures. First, a piece of a sequence from a single-
stranded DNA molecule binds (hybridises) perfectly to its com-
plementary sequence in a target molecule. For example, a se-
quence of four bases, of which 4*=256 different versions are
possible, has a length of 1.2 nm. Thus, there are a large
number of addresses on a linearly extended DNA molecule
that can, via intramolecular bonds, assemble into a predeter-
mined structure and, via intermolecular bonds, form predeter-
mined networks or allow binding of partner molecules with
nanometre accuracy. For example, with the help of five 40-mer
synthetic oligonucleotides, a 1669-mer DNA molecule folds by
self hybridisation into a sharp geometrical octahedron.”?

The partner molecule may be any other nano-object such as
a carbon nanotube” or any other filament-like molecule
tagged with a short sequence of DNA. Or it may itself be a
DNA molecule, which can in turn bear a large number of ad-
dresses. Thus, one can easily envision the construction of
nanostructures of an almost infinite complexity. The second in-
teresting property of DNA results from the fact that the hybrid-
isation of two complementary DNA strands depends on a
number of physicochemical properties of the environment,
such as temperature, pH value and the specific sequence itself.
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By varying these properties it is possible to either enhance or,
vice versa, to reduce hybridisation. Thus, not only static nano-
structures, but also highly dynamic constructs of individual
molecules are possible. Such nanostructures can be built even
without the direct use of specific addresses. They can just be
assembled with the help of optical tweezers (see Figure 6).

Figure 6. Rectangular nanostructure of DNA molecules assembled with opti-
cal tweezers. Each molecule bears a polystyrene microbead at its two ends
by which the molecule can be manipulated with the tweezers. (Figure cour-
tesy of L. Wollweber, IMB Jena.)

One disadvantage of approaches based on optical tweezers
is that they are slow. Csaki et al. have shown how well the ad-
dressable single DNA or RNA molecules can be used as build-
ing blocks to construct molecular nanostructures via self-as-
sembly.”¥ Such nanostructures were used to assemble triangu-
lar patterns or rectangular grids of DNA molecules on mica sur-
faces. These structures were then covered using metal vapour
deposition. Surprisingly, it was possible to peel off the whole
metal layer from the DNA/mica substrate and thus obtain a
negative print of the DNA pattern, that is, the DNA pattern
had served as a template for printing the metal nanostruc-
tures. This approach, termed “molecular lithography”, uses se-
quence-directed self-assembly and is a bottom-up approach to
generating nanostructures as opposed, for example, to photoli-
thography which is a top-down approach.” The DNA mole-
cules often have no intrinsic structures, while RNA molecules
adopt a wide variety of functions and structures, such as trian-
gles, spirals, rods and hairpins. A number of RNA molecules
even reveal enzymatic activity (for an example, see refer-
ence [76]). In nucleic acid nanotechnology these RNA mole-
cules can be used as building blocks (called tectosquares) to
generate complex nanostructures. Such tectosquares have
been used to construct, by mere self-assembly, arrays of hun-
dreds of individual molecules with a wide variety of basic pat-
terns.””

So far, not only complex structures have been constructed,
but also functional devices have been assembled, for example
field-effect transistors.”® Building a field-effect transistor means
precisely locating materials of different electric properties. An
electron source and a drain have to be connected with a con-
ductor. Single-walled carbon nanotubes are ideally suited for
constructing a single-molecule transistor, but precise location
is difficult. To achieve this with nanometre accuracy, a long
DNA molecule is used as a scaffold. Shorter DNA sequences
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that have bound molecules of a protein (in this case RecA, but
other proteins would also be suitable) hybridise in a sequence-
specific manner at exactly predetermined positions to the scaf-
fold DNA molecule. The ends of the carbon nanotubes bear
antibodies against RecA, that is, they recognise and bind exact-
ly to the RecA blobs on the DNA scaffold. After incubating this
assembly with an AgNO; solution one finally ends up with the
combination source-carbon nanotube-drain. Electronic testing
proves that this assembly has the properties of a transistor,
which suggests that DNA might have been used directly as an
electric nanowire, since earlier experiments have found electric
conductivity of DNA. This concept has, however, been chal-
lenged.” The study in question involved two experiments:
the charge transfer from an electrode to a single DNA mole-
cule was measured; then the dielectric response, when the
molecule had no contact to any electrodes at its two ends,
was determined. The authors found that DNA had a high resis-
tivity, comparable to that of mica, glass or other electric insula-
tors; that is, according to these findings, DNA is not suitable as
an electric conductor. Meanwhile, it has been found that single
DNA molecules can catch low-energy electrons,®™ so DNA is
back again as a candidate for the construction of electronic de-
vices, at least as a semiconducting molecule.

As indicated above, DNA can even be used to generate
motion.® Since the two structural variants of DNA, the B and
the Z forms, are of different length and thickness, the induc-
tion of a B-Z transition by changing, for example, the salt con-
centration may be used to induce motion in a DNA construc-
tion network. Knots have been tied with the DNA molecule®
and DNA molecules have been suggested for use as molecular
tweezers.®¥ While the tweezers just open and close by moving
their arms, a similar development results in a walking biped
molecule, which has the perspective of becoming a transport
molecule in single-molecule robotic devices.®” The legs of the
biped molecule consist of DNA with one given sequence for
each leg. They are bound, by hybridisation, to another ladder-
like DNA molecule acting as a sort of rail with the correspond-
ing complementary sequences. When a third sequence is
added which hybridises better to the rail than, say, the leading
leg, the latter detaches but may re-bind to a position further
ahead on the rail. Then the same process is repeated with the
lagging leg. In the end the molecule has moved ahead along
the rail DNA by one full step. Cyclic repetition of this process
results in a “walking” molecule.

3.10. A Single-Molecule DNA Computer

Even a computer that performs its logical operations by single-
molecule DNA hybridisation is possible. As in an electronic
computer, numbers or other data elements are represented in
a binary way by bits with the value 0 or 1. In the DNA comput-
er described here,® the single-stranded hexanucleotide
ATCACC corresponds, by definition, to 0 and GTCTGA corre-
sponds to 1. A byte can be formed with a 24-mer nucleotide.
For example, ATCACC ATCACC ATCACC ATCACC corresponds
to 0000 (in the decadic number system used in everyday calcu-
lations this is 0), ATCACC ATCACC ATCACC GTCTGA to 0001
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(the decadic 1), while ATCACC ATCACC GTCTGA ATCACC corre-
sponds to 0010 (the decadic 2). To make the single oligonucle-
otide strands visible they are labelled with the fluorescence
markers Cy5 (red) or Rhodamine Green. Calculations are per-
formed by hybridisation, that is, the formation of double
strands. The readout uses fluorescence correlation spectrosco-
py (see Section 2.5).

To calculate 1+1=2 (or 000140001 =0010) a hybridisation
system would have to be designed in which a double strand
of two 0001 molecules would have a hybridisation behaviour
identical to that of a single-strand 0010 molecule. This simple
mathematical problem is a hard task for a DNA computer,
which, in this field, will probably never become a serious com-
petitor for electronic computers. For other logical operations,
however, particularly when a large number of such operations
have to be performed in parallel, the single-molecule DNA
computer may become a true alternative. Such a task is the so-
lution of the “satisfiability problem”, which is described in
detail in reference [85]. The mathematical problem is some-
what complex and it is beyond the scope of the present
review on single-molecule DNA and RNA studies to describe it
in detail. However, a quite simple mathematical problem can
be solved with the experimental technique used by Schmidt
et al.®: the question whether a given number is a prime
number. For this purpose, a library of single-stranded oligonu-
cleotides is synthesised and labelled with a red fluorescent dye
containing all possible prime numbers (0001=1, 0010=2,
0011=3, 0110=5, 0111=7, 1011 =11, 1110=13). To determine
whether a given number is a prime number, the complementa-
ry oligonucleotide with a green label is synthesised and added
to the test library. The calculation is performed by hybridisa-
tion of the green molecules with the red molecules. Two out-
comes are possible if the result is analysed by FCS. When hy-
bridisation is detected, the tested number is a prime number.
No hybridisation indicates that the tested number is not a
prime number. Clearly, this problem would have been solved
more easily with an electronic computer, even if a larger range
of prime numbers were tested with longer oligonucleotides
(up to 500 bases). However, detailed mathematical considera-
tions indicate that there are indeed logical problems which re-
quire such a high degree of parallel computing that a single-
molecule DNA computer might become the technique of
choice.

Summary and Outlook

DNA and RNA are the ideal molecules to be investigated and
used on a single-molecule basis. Techniques for their manipula-
tion and handling are now mature, so that subtle details of
processes basic to life can be elucidated. Notably, DNA can be
used equally well as a construction material for single-molecule
devices such as robots or computers. It can be envisioned that
single-molecule nucleic acid biotechnology will become a field
of science on its own in the near future.
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