Microsc. Microanal. Microstruct.

47

FEBRUARY

1994, PAGE 47

Classification

Physics Abstracts
61.16Di

Scanning tunneling microscopy study of a DNA fragment

of

known size and sequence
Monique Marilley(1), Philippe Pasero(1), Alain Humbert(2), Samuel Granjeaud(2), Michel
Dayez(2), Roger Pierrisnard(2) and Bertrand Jordan(3)

(1)
(2)

(3)

Laboratoire de Génétique, URA CNRS

1189, 27, Bd J. Moulin, 13385 Marseille Cedex 5, France

Laboratoire de Physique des Etats Condensés, URA CNRS 783, Parc Scientifique et Technologique de Luminy, Case 901, 13288 Marseille Cedex 9, France
Centre d’Immunologie de Marseille-Luminy, Parc Scientifique et Technologique de Luminy, Case

906, 13288 Marseille Cedex 9, France

(Received 19 October,1993; accepted 17 November,1993)

Résumé. 2014 Des essais pour visualiser un fragment d’ADN qui puisse servir de test pour des expériences ultérieures ont été réalisés en microscopie par effet tunnel (STM). Nous présentons des
observations faites sur un fragment de restriction de 350 pb provenant de pBR322, déposé sur la
surface d’un monocristal naturel de graphite et imagé sous vide. La mesure de la longueur et des
paramètres hélicoïdaux de la molécule s’ajoutant au fait qu’aucun aspect du substrat ou des caractéristiques électriques ne suggérait un artefact du graphite, ont permis une identification non ambiguë
de la molécule. L’image de la molécule complète d’ADN a été obtenue et des détails en haute résolution sont montrés. Leur correspondance avec des séquences d’ADN précises peut être déduite de
leur localisation sur l’image puisque la séquence et l’orientation de la molécule sont connues. Les
variations générales de même que les variations locales des caractéristiques structurales le long de la
molécule d’ADN sont donc maintenant accessibles à l’analyse par imagerie STM. La capacité du STM
à analyser les structures d’ADN impliquées dans l’activité génique apparaît ainsi très prometteuse.

Assays to visualize a DNA fragment that may serve as DNA test for further experiments
performed by scanning tunneling microscopy (STM). We present observations on a 350 bp restriction fragment from pBR322 deposited on natural graphite single crystal surfaces and imaged in
vacuum. Measurement of the length and of helical parameters of the molecule in conjunction with the
fact that no features of the substrate or electrical characteristics were suggestive of a graphite artifact,
allowed unambiguous identification of the molecule. Imaging of the entire DNA molecule has been
achieved and high, resolution details are shown. Their correspondence to precise DNA sequences
may be deduced from their localization on the image since the DNA sequence and orientation of the
molecule is known. Therefore, both global and local sequence-directed variations of structural features along a DNA molecule are now accessible to analysis with STM imaging. The ability of STM to
investigate DNA structures involved in gene activity appears thus to be very promising.
Abstract.
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1. Introduction.

Study of DNA sequences involved in gene regulation has proven to be a powerfull approach in
genetic studies. However there is now growing evidence that not only sequences but structural
characteristics associated to these DNA regions have to be taken into account for making further
progress in the understanding of gene function [1,2].
In that sense, the use of scanning tunneling microscopy (STM) to analyze structural features
of DNA might reveal to be a major application of this microscopy and would open a new field of
investigation in genetics. It is in this context that we present our first attempts to visualize a DNA

fragment.
Scanning tunneling microscopy (STM) has proven to be a powerful method to obtain highresolution images of uncoated biological molecules in vacuum, air or liquid environments [3-7].
Atomic-resolution images of double-stranded DNA have been obtained in ultra-high vacuum [8].
However, STM imaging of naked biological molecules is not a routine process yet. The poor
reproducibility of the experiments observed up to now is due mainly to lack of reliable methods
able to limit motion of the molécules under the scanning tip during STM imaging. This explains
why most recent developments are mainly dealing with methods likely to improve adhesion of the
molecules to their support [9]. These methods are now making progress, however, treatments
used to allow sticking of molecules may also affect their structure. An alternative approach is to
minimize the interaction forces between tip and sample. Therefore, we have developed a STM
apparatus which allows the use of very small currents « 1 pA in routine experiments, which is
about a hundred time lower than generally used currents), and make possible the visualization of
objects that are poorly conductive or badly- coupled to the substrate.
Attempt to visualize DNA molecules at atomic scale resolution constitutes another very promising axis of investigation. However, due to data acquisition limitations, a very high resolution has
only been obtained on very short parts of DNA molecules, so that the location of the region
imaged and therefore its sequence are not known [8]. It is worth pointing out that both macroscopic and local deflections of the helix axis play an important role in protein-DNA interactions
and are involved in fundamental genetic processes [10-13]. Long-range domains of altered DNA
structures, corresponding to sequence-directed curvatures of the helix axis, have been extensively
studied over the past few years [14,15]. Numerous convenient techniques have been employed for
studying these global alterations. However, local alterations of the helix affecting the size and the
shape of grooves are mainly addressed through very cumbersome methods [11]. Results already
obtained by STM imaging of NA [8, 16] strongly indicate the potential of STM microscopy for
investigating these DNA struc ures. However, obtaining reliable information on a DNA molecule
of biological interest requires not only to perform high-resolution imaging, but also to be able to
identify and to localize the analyzed regions along the molecule.
In this paper, we present STM observations of double stranded DNA molecules (pBR322 restriction fragment) in vacuum. We have chosen to study a small DNA molecule of known size and
sequence. High-resolution imaging, compatible with visualization of the complete molecule, was
achieved. Determination of the average parameters of the double helix was performed, showing
that all the observed structures are consistent with known characteristics of the molecule studied.
Moreover, detailed observations are reported, that can be localized on the molecule. These results strongly indicate the potential of STM microscopy for the investigation of DNA structures
involved in gene activity.
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2. Results and discussion.

scanning tunneling microscope used for these studies was designed by our group and previously used to image small metallic clusters deposited under ultra-high vacuum (UHV) on graphite

The

surfaces [17-19]. It is mounted inside a UHV chamber with base pressure of about 10 - 10 torr, but
the DNA molecules were imaged in a vacuum of 10-7 torr, as in electron microscopy (EM) studies. Atomic resolution is routinely achieved wfth this microscope on flat single crystal surfaces or
three-dimensional (3D) clusters [19]. It allows the use of very small tunneling currents « 1 pA).
Cleaved Highly-Oriented Pyrolitic Graphite (HOPG) and gold (111) surfaces have been extensively used for STM study of biological molecules [9]. As far as STM imaging is concemed,
HOPG appears to be a good substrate because of its mechanical rigidity, good electrical conductivity and flatness at the atomic scale. However, some features observed on graphite, such as steps
and/or domain walls have led sometimes to misinterpretations [20]. Fortunately, careful analysis
of the geometry of these features makes possible the distinction between biological molecules and
artifacts [21]. Figure 1 shows strand-like structures generated by cleavage of natural single crystal
graphite sample. The twisted appearence of these structures can lead to misinterpretation. But it
also appears clearly that other parameters differ significantly from those of DNA molecules. This
is also the case for all the other described artifacts on HOPG. The different types of strand-like
structures that can be present on freshly cleaved HOPG have been cataloged and characterized
by Chang and Bard [22]. However, none of these confusing structures display simultaneously all
the helical parameters of DNA molecules (i.e. helix sense, helix pitch, width, height, ... ). Moreover, in contrast to biological specimens, these artifacts are characterized by high conductivity and
general orientation along crystallographic directions.

Fig. 1. STM image of graphite strand-like structures. This region was selected because it contains a high
concentration of defects and allows then statistical analysis. Here, most of these surface features present
a clear left-handed helicity. The average periodicity was determined to be 9 ± 0.5 Á. The dispersion of
the mean helical pitch is similar between different graphite fibers and along a given one. In contrast, the
width varies significantly between fibers (16 d: 6 A). These structures are straight and make sharp
average
120 angles with one another, revealing their orientation along cristallographic directions of graphite. This
image measures 347 A by 220 Á.
-

In this work, natural graphite single crystals cleaved in air with a razor blade as a wedge were
used as substrates for the DNA molecules instead of HOPG since our previous experiments on the
nucleation of small metallic particles have shown that such surfaces exhibit a much lower density
of defects, so that much of the problem may be prevented.
Since length is an additional criterion for identifying the molecule, we have chosen to work
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on a DNA restriction fragment of known size. The 350 bp pBR322 restriction fragment (HindIIIBamHI) corresponding to the 5’ région of the tetR gene has been analyzed. The choice of the DNA
molecule was carefully undertaken, having in mind that we need to possess the greatest amount
of information on the molecule. In addition to general X-ray crystallography information, these
data include the complete nucleotide sequence of the molecule and various studies on higherorder DNA structure. The latter concemed overall helix axis bending studied by polyacrylamide
gel electrophoresis analysis of DNA mobility [23], direct EM observation of variation of local
curvature along the molecule [24] and comparison with theoretical curvature diagrams calculated
for pBR322 [25]. In addition to general information on DNA structure, the choice of the well
studied DNA molecule pBR322 provides us with another set of criteria for identification and
allows comparison with E.M. data. This confirmation by other techniques is a necessary step at
the present phase of development of STM.
Figure 2 shows a STM image of a complete DNA restriction fragment lying on a flat surface.
Its trajectory is neither straight nor aligned along crystallographic directions of the graphite surface and does not cross graphite steps, as it is the case for meandering strand-like artifacts. The
molecule appears to be slightly broadened when it is perpendicular to the fast scanning direction
(horizontal axis). This observation suggests that the interaction forces between the probe tip and
the molecule are slightly increased for that orientation. However, these forces remained weak,
as is evidenced by the fact that we were able to image continuously the molecule during three
days without obvious modification of the STM image. Several interpolated cross-sections perpendicular to the molecule axis are shown in figure 3. They confirm that the molecule is lying on a
flat part of the substrate. Its measured length (888 A) fits to the expected length for a 350 bp
DNA molecule, well within the accuracy of the calibration of the probe tip piezo scanner (± 5%)
(E.M.measurement of the same molecule is1015 ± 160 A) The average width of the molecule was
found to be 26.2 Á. The right-handed helix is clearly visible on the figure. In order to get quantitative values for the helix parameters, a spectral analysis of the power density of the image has
been done from the bidimensional Fourier transform. We thus determined an average helix pitch
value of 24.8 Á and an average angle between the grooves and the helix axis of 68.7 . These values
appear more closely related to the conventional A form determined by X-ray crystallography than
to B-DNA (see Tab. I). This result is consistent with previous EM, AFM and STM studies (26,
27, 8) and is likely to be due to partial dehydratation of the molecule.
In figure 2, remarkable variations of the overall path of the double-helix are observed. The
trajectory of the helix axis appears asymmetrically curved, presenting one major bent region in
the right side of the figure. We have compared the STM experimental curvature map to those
previously reported from electron microscopy analysis and theoretical calculations for pBR322.
Electron microscopy data and three out of the four theoretical models give strikingly similar results [25]. It is worthwhile to mention that the overall path of the STM imaged DNA fragment,
as well as the position of bending elements along the molecule (Fig. 4), are consistent with these

data.

Thus, comparison of EM data, theoretical data and STM experimental values shows a complete
agreement. The DNA helix trajectory recorded by STM imaging corresponds to the one expected
for this molecule (Fig. 2). It is thus appearent that we are looking at a structure which presents
meanders having the same amplitude and location as bending elements of the restriction fragment
under study. This result, beside length, helical parameters and conductivity characteristics give
additional evidence that the structure observed corresponds to the pBR322 restriction fragment.
Moreover, it is worthwhile to note that beside giving a new element for the identification of the
structure this result indicates strongly that global and local variations of the helix axes might be
investigated with this new technology.
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Fig. 2. STM image (512 points per line, 140 lines) of an isolated DNA molecule corresponding to a 350
bp pBR322 restriction fragment (HindIII-BamHI). A 2 03BCl drop containing 20 ng DNA was deposited at
4 °C on a freshly cleaved natural graphite single crystal surface in air and dried in vacuum. DNA molecules
were imaged in a vacuum of 10-7 torr. The images were recorded in the constant-current mode, which
allows quantitative height measurements and can be used to track surfaces that are not flat at the atomic
level. Slow scan rates (100-300 Â/s) were used in order to minimize friction between the probe tip and
the DNA molecules. Typical tunneling voltages were 0.1 to 2.0 V The probe tips were tungsten threads
electrochemically-etched in 2N NaOH solution. They were systematically cleaned in- situ by tunneling over
clean surfaces (gold, graphite) before any imaging of DNA molecules. An enlarged portion of the image
(bracket) is shown in the insert. Arrows indicate the position and direction of the cross-sections shown in
figure 3.
-

Table I.
phy data.

-

Comparison of DNA dimensions derived from STMobservations and X-Ray crystallogra-

1. average values from this report - 2.

Drew et al.,1981(33).

Lindsay et al., 1989 (31) - 3.

Conner et

al., 1981(32) - 4.
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Fig. 3. Interpolated cross-sections perpendicular to the molecule axis corresponding to the arrows in
figure 2. The sections were chosen as representative of different regions of the molecule. These profiles
confirm that the molecule is lying on a flat part of the substrate.
-

Figure 5 compares a van der Waals space-filling model for A-DNA (Fig. 5a) calculated from
crystallographic data and the enlarged region of the molecule shown in the insert (Fig. 2). The
most striking feature is the good correspondence observed between the experimental and theoretical model outlines. Some structures within the molecule can also be distinguished. However, the
experimental resolution of figure 5b is not sufficient to resolve the DNA bases. This results mainly
from the fact that this figure is extracted from the image of the whole DNA fragment shown in
figure 2 which was scanned with 512 sampling points per line. Thus, the sampling steps are 2.74
A parallel to the fast scan direction and 1.37 A perpendicular to it. The ultimate resolution of the
microscope is expected to be much better.
An asymmetry of the STM image of the DNA molecule is also visible in figure 5b. On the right
side of the molecule, the outline appears to be more strongly corrugated than on its left side. This
may result from an asymmetric shape of the probe tip. As a matter of fact, the effect is visible in
figure 2 all along the DNA fragment.
In figure 5c, the left half of the van der Waals model has been juxtaposed to the right half of
the experimental STM image. It is striking to see how good the correspondence is between the
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Fig. 4. Comparison of the experimental curvature map with a theoretical diagram of curvature for the
corresponding restriction fragment. Three dimensional coordinates of the helical axis are calculated along
the sequence using parameters of the dinucleotide wedge model [29]. Local curvature is determined within
a window of 40 bp moving along the DNA by 5 bp segment steps and calculated according to Muzard et al.
(25). The positions of maximum and minimum curvature are seen here to be very similar for both curves. A
strong bending element predicted from the modelisation at the 5’ terminal end is not observed for the STM
imaged molecule. Since this element is located very close to the cutting site, it might be relaxed following
-

linearization of the molecule.

5.

Comparison between the enlarged portion of the molecule shown in the insert of figure 2 and a
(van der Waals space-filling model) calculated from X-ray crystallographic data
[30]. The STM image shows two helix tums. The deep and narrow major groove is clearly visible (arrows),
as well as characteristic features associated with the wide and shallow minor groove (brackets). c. The left
half of the van der Waals model has been juxtaposed to the right half of the experimental STM image to
Fig.

-

text book model for A-DNA

demonstrate the observed

good agreement between them.
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characteristic supra-atomic features on both sides. This result shows that STM has potential for
high-resolution observations of DNA features. Very rapid progress can therefore be expected
from STM studies of DNA binding,,sites involved in protein interaction.

3. Conclusion.

STM observations of double-stranded DNA restriction fragments of known length and nucleotide
sequence are shown. We observed that all the parameters of the molecule: right- handed helicity,
helix pitch, length, width, height and groove shape are fully consistent with published crystallographic data and previous atomic-resolution STM experiments on double- stranded DNA [8, 16].
Moreover, this sample lies on an atomically flat surface and the characteristics of conductivity
are those of biological molecules (poorly conductive samples). Taken together, these features
rule out the possibility of misinterpretation and allow an unambiguous identification of the DNA
molecule.
Visualization of local and global sequence-directed structural features is also reported. Results
conceming the variation of the curvature along the DNA molecule are in good agreement with
previously published EM studies, as well as with theoretical curvature maps [25] Since bendings
observed on the molecule correspond as well for their localisation as for their amplitude with
experimental and theoretical values and since they were also observed on other molecules (two
incomplete fragments that were neglected because the length criterion could not be used), these
bendings are not likely to be caused by local interaction betwen DNA and graphite. They appear,
then, to represent natural curvature. This shows that using STM, intrinsic curvatures of DNA can
be studied at the nanometer scale, although present state of the art has limited the analysis to a
very small number of molecules.
Our STM studies have not yet been performed at atomic resolution. However, the observed
stability of the isolated molecules on their support suggests that such studies can be done in a
reproducible way. Although improvements in sample preparation are necessary [9], STM highresolution imaging is clearly a promising way to study DNA structures involved in gene activity
[28]. It is now clear that sequence-dependent DNA curvature governs the accessibility of bases
to DNA-binding proteins by determining their outwards or inwards orientation [19]. A main
contribution of STM to nucleic acids research may be to allow the study of the intimate structure
of binding sites within their general DNA structural environment.
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