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DNA helices can be denatured by being heated over their T, point. If cooled down
quickly, most unraveled DNA strands cannot be reannealed and conformational
variances could then be directly observed with scanning tunneling microscopy. In
order to differentiate DNA molecules from graphite surface features, topographic
and barrier-height iimages were acquired simultaneously. This paper presents
scanning tunneling microscopic images of denatured lambda phage DNA. Unusual
triple-stranded, braid-like and other variant conformations of denatured DNA were
observed in air.

INTRODUCTION

Scanning tunneling microscopy (STM), being an excellent probing tool for studying
topographic and electronic properties of many surfaces on the atomic scale, has been used
to study biological materials under different environments, The direct observations of B, A,
Z-form DNA have already been performed by STM (Arscott er al., 1989; Beebe er al.,
1989; Dunlap & Bustamante, 1989; Lee er al., 1989; Lindsay et al., 1989, Driscoll et al.,
1990). It has been known that the, DNA conformations may be varied in different
environments or treated by different physical and chemical methods. However, ihe detailed
variations currently are not well known. Using STM, it may be possible to image these
variant conformations of DNA and provide new information.

DNA can be denatured by being heated over its T, point. If cooled down quickly, most
of the denatured DNA strands cannot be reannealed and would result in conformational
variances. In this paper, we present some STM images showing these variant conformations
of DNA, which include the direct observations of a triple-stranded, braid-like conformation
and joint structures of triple-stranded, braid-like segments and right-handed double helical
segments.

The application of STM to biological materials requires the samples to be placed on
conductive surfaces. The substrates must have a vertical roughness smaller than the vertical
dimension of the sample. They also must have moderate interactions with the biological
molecules in order to avoid the destruction of the integrity of the sample, and prevent the
displacement of the sample by the mechanical and electrical forces exerted by the tunneling
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tip as it scans the sample. From thesc considerations, graphite and gold arc suitable for
using as conducting substrates. Unfortunately, some researchers (Sommerfeld er al., 1990
Clemmer & Beebe, 1991) presented some images of highly oriented pyrolytic graphite
(HOPG) and gold surface features which may be confused with that of biological materials.
Therefore, it is imperative when applying STM 1o biological materials that an effective
experimental method be established for distinguishing the biomolecules from the artefacts
of substrates. Allison er al. (1990) have used scanning tunncling spectroscopic (STS)
images to differentiate DNA molecules from graphite artefacts based on the spectroscopic
images of DNA showing contrast due to local conductivity variations. We have found that
it is also possible to distinguish DNA images from graphite surface features by use of
barrier-height measurement because the barrier-height images of araphite features show no
remarkable corrugations compared to those of biomolecules under the same experimental
conditions.

EXPERIMENTS

The STM experiments were performed in air with home-made STM apparatus (Bai, 1989)
using a mechanically prepared PUIr (80%/20%) tip. A small voltage modulation was
superimposed on the Z-axis voltage at a frequency of about 15 kHz, which is oo fast for
the feedback circuit to follow. The d//dS, measured with phase-sensitive detection of the
current at the modulation frequency. is directly related 10 the square root of the local
barrier-height according to the simple model currently utilized 1o relate the tunneling
current to the gap distances and the barrier height.

Lambda DNA-Hind Il was produced by Sino-American Biotechnology Company
(fragment sizes (bp): 23130, 9416, 6557, 4361, 2322, 2027. 564, 125). SDS-PAGE and
HPLC analyses were performed to assay for purity. The results of SDS-PAGE showed that
when the content of individual protein involved in Dalton Mark VII-L was more than
100 ng, their bands can be observed under our experimental conditions using silver stain,
While the total load of lambda DNA-Hind 111 in SDS-PAGE was 8975 ng. no protein bands
were detected in the range of low molecular weight. This suggested that the content of
proteins involved in the sample was less than 1.2%. The lambda DNA-Hind 11 sample was
hydrolyzed in 6N HCI solution at 110°C. Free amino acids were converted to the
fluorescent derivative DABS-AA (dimethylaminoazobenzene sulphonyl amino acids) and
the total amino acid content was determined by HPLC with a fluorescence detector, thus the
protein content was evaluated. The results of this determination indicated that the protein
content in the sample was less than 0.54%.

A solution of lambda DNA-Hind I was diluted to ~0.05 mg/ml and heated over its 7,
point at 100°C for 15 min, then cooled down quickly to 0°C. About 4 ul of the treated
solution was deposited on to a freshly cleaved graphite surface and dried in air.

RESULTS AND DISCUSSION

It was found that most of the STM images of denatured DNA showed random coiling of
the strands, while others showed conformations of multiple strands which were hard o be
clearly identified. However, some highly ordered regions were found which provide new
insight into the conformations of the denatured DNA.,

Figures 1(a) and I1(b) show the constant current tlopographic image and barrier-height
image, respectively, acquired simultaneously on freshly cleaved graphite with some surface
features. Figures 2(a) and 2(b) show the STM topographic image of the denatured DNA and
corresponding barrier-height image, respectively. The experimental conditions were the
same for Figures | and 2. Despite the fact that resolution of the barrier-height image of
Figure 2(b) is not as good as that of the lopographic image of Figure 2(a). it is obvious that
similar corrugations can be seen in both images. In contrast, no remarkable corrugations
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FIGURE 1. (1) STM image (4.3 x 4.6 nm) of freshly cleaved graphite with surface features. STM was
operated with a tip bias of 16 mV and a feedback system maintaining a current of 0.6 nA. (b)
The corresponding barrier-height image.

have emerged in the barrier-height image of Figure 1(b). A strong d//dS signal the DNA
molecule in Figure 2(b) indicates a profound difference in barrier-height between the DNA
and the HOPG substrate.

We belicve that the STM image shown in Figure 2(a) is an adsorbed DNA molecule
rather than an artefact of the substrate because of the following considerations. We have
found that the STM topographic images of freshly cleaved graphite on which no biomate-
rials were deposited showed large atomically flat areas with some inherent features (Figure
I(a)) which may be confused with DNA molecules, but the comesponding barrier-height
images acquired simultancously appeared practically “featureless (Figure 1(b)). In other
words, the regular periodicities along the step edges of graphite presented in the topographic '
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(a) (h)

FIGURE 2. (1) STM image (2.0 x 4.8 nm) of two zig-zag-like double-stranded segments crossing at one
point. Experimental conditions were the same as those in Figure 1. (b) The corresponding
barrier-height image.

image did not appear in the barrier-height images acquired simultaneously as long as the
experimental paramelers were appropriate. However, similar corrugations are present in
both topographic and barrier-height images over DNA under the same conditions as those
used for imaging bare graphite. Similar results have also been abtained by Travaglini er al.
(1987) and Driscoll er al. (1990). As they pointed out, on relatively rigid surfaces such as
graphite surface, d//dS is a measure of the average tunneling barrier-height — an increase in
the value of the barrier-height usually indicates the presence of excess negative surface
charge. For a low bias voltage ( ~ 15 mV) and tunneling current ( ~ 0.5 nA), deformation of
the graphite surfuce induced by the tip of should not be important, which makes the
barrier-height image of graphite appear practically structureless. On “soft’ surface such as
the adsorbed biological materials. forces ol inter-atomic and Coulombic nature between the
tip and the surface enhance d//dS when attractive, and reduce it when repulsive. Thus,
while the tip is scanning across DNA molccules, similar corrugations will occur in both
topographic and barrier-height images. Moreover, charging effects on the DNA molecules
would be expected to occur because of their non-conductive nature. Thus. one would expect
the barrier-height of the substrate in the vicinity of the adsorbed DNA to increase with



STM IMAGES

FIGURE 3. STM image of u joint structure between triple-stranded, braid-like secuon and right hunded
double helical section. Experimental conditions were the same as those in Figure |

respect 1o bare substrate surrounding the molecule (Tarvagling ef «f.. 1987). The barrier-
height image shown in Figure 2(b) clearly shows this effect over the feature we identify as
DNA. dI/dS measurements have also been used by Lindsay et ol (1988) to identify
adsorbate patches of DNA electrochemically mounted on atomically flat gold surfaces and
imaged m a liquid environment.

Figure 3 shows a braid-like conformation segment of denatured DNA with a width of
about 3 nm, which can be interpreted as a triple-stranded helix in which two of the three
strands first form a right-handed double helical conformation and then join the left srand
to form the triple-stranded, braid-like conformation. Figure 4 shows another triple-stranded,
braid-like chain with a width of 2.9 nm. Figure 5 shows the STM image of right-handed and
left-handed double helices existing in one chain. The corresponding barrier-height images
obtained simultancously with the topographic images shown in Figures 3-5 are not
presented for simplicity, but also show similar corrugations.

The results presented here indicate that STM can be applied 1o the study of the variant
conformations of denatured DNA. A model of right-handed triple helical DNA has already
been proposed (Arnott & Selsing, 1974; Arnott er al., 1974, 1976; Gago & Richards, 1989;
MofTat, 1991), which shows promise as a tool for cleaving genomes precisely and blocking
gene transcription. We have observed the conformation of DNA (not shown here) which is
quite close to the model, with the only exception that the observed structure is left-handed.

The existence of a triple-stranded, braid-like conformation of DNA has not been
proposed before. The images of Figures 3 and 4 have shown clearly the existence of the
segment of such braid-like conformations, which provide new insight into the conforma-
tions of denatured DNA. Al present, little is known about how the triple-stranded, braid-like
DNA is formed and what the possible function is, but this conformation can be explained
by base-pairing. For such a braid-like conformation, the bases containing hydrogen bond
interaction must adopt the forms of base triplets. Thirty-six kinds of possible base triplets
including protonated cytosine and adenine have been derived as shown in Figure 6. The
other triplets occupy the glycol bond, so they would not be involved in the braid-like
conformation. These triplets can be formed in four ways, i.e. Watson-Crick-Hoogsteen.
Watson-Crick-Reversed Hoogsteen, Reversed Watson-Crick-Hoogsteen and Reversed
Watson-Crick-Reversed Hoogsteen. Among these, the middle bases must be purine bases
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FIGURE 4. STM image (7.2 x 284 nm) of a single triple-stranded. braid-like chain. Experimental condi-
tions were the same as those in Figure 1.

because pyrimidine bases do not have an imidazole ring. In these triplets. the Hoogsteen
and Reversed Hoogsteen pairs can be formed by hydrogen bonding of the N7 on the
imidazole ring with the proton donor on other bases. The calculated results of Pullman
(Pullman & Pullman, 1969) and other authors showed that the interaction enerey ol the
G-C pair formed in Watson-Crick way was minimized. but for A~U and A-T puirs. the
interaction energics were minimized only when they were formed in the Hoogsteen, or
Reversed Hoogsteen way. These conclusions are consistent with the experimental observa-
tion of co-crystallization phenomena. In the triple-helix DNA (Arnou & Selsing, 1974:
Amott et al., 1976; Letai er al., 1988; Huun & Dahlberg. 1989: MolTat, 1991), two strands
must be pyrimidine bases and the middle one must be purine bases. The triple-stranded.
braid-like conformation presented in this work is different from the triple helix just
described. with its triple strands crossing together to form a braid-like chain. There is no
requirement for any individual strand to be homopurine or homopyrimidine. However. each
strand in the braid-like chain must contain repeating units of purine or pyrimidine which
consists of A, G or A and G. Between the repeating units. there can be a purine nucleotide
sequence, pyrimidine nucleotide sequence or a mixture of them. The detailed discussions
will be published clsewhere.

Sasisckharan er al. (1978) have proposed a double-stranded model of an alternative
structure for DNA, in which right- and left-handed helical segments with approximately five
base pairs in length alternate in arrangement. The conformation of denatured DNA shown
in Figure 5 is similar to this model,

Besides the secondary structures shown above. some different kinds of ertiary structures
were also observed. Figure 2(a) presents two rig-zag-like double-stranded  segments
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FIGURE 5. STM image of right-handed and left-handed double helices existing in one chain. Experimental
conditions were the same as those in Figure 1.

CAC CAC™ TAT GAT C'GA TGC GGG M GGC
TAC TAC™ TAA GAG TGA A'GC A'GT

GAC GAC®™ GAA GGA A'GA C°'GT (C°GG

AAC AAC® AAA GGC C'GC TGT A'GG

GTA  CGC GCA GGT CGA CGT AGA

FIGURE 6. Thirty-six kinds of possible base triplets including protonized cytosine and adenine.

FIGURE 7. STM image of a supercoiled confurmation consisted of two double helical DNA chains.
Scanning arca is 35 % 35 nmn. Experimental conditions were the same as those in Figure |
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crossing at onc point. Figure 7 shows a supercoiled conformation consisting of two double
helical DNA chains. We have also observed several kinds of spring-like tertiary structures,

CONCLUSIONS

In this paper we have presented some STM images of denatured lambda phage DNA-Hind
Il In order to distinguish DNA molecules from substrate surface features which may be
confused with the biological materials, topographic and barrier-height images were acquired
simultaneously in the experiments. There were no remarkable features in the barrier-height
images of the freshly cleaved graphite. However, similar features were appeared in both
topographic and barrier-height images on DNA-treated graphite surfaces. Unusual triple-
stranded. braid-like DNA, and joint structures of triple-stranded and double-stranded helical
segments were imaged.
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