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Scanning Tunneling Microscopy of Nucleic Acids

GiL LEg, PATRICIA G. ARSCOTT, VICTOR A. BLOOMFIELD,

D. FENNELL EvaNns

The scanning tunneling microscope (STM) has been used to measure properties of
poly(rA)-poly(rU) and DNA, such as helical pitch, half-period oscillations that were
interpreted as the alternation between the major and minor grooves, and interhelical
spacing. Average pitches were measured by two-dimensional Fourier transforms and
by topographic profiles along the fiber axes. Values were typically 7 percent less than
standard dimensions of A-form RNA and B-form DNA fibers. This result is compati-
ble with the mild dehydration that occurred under air-drying conditions. More
extensive dehydration typically led to 19 percent shrinkage. Analysis of specific regions
allowed local variations in helical pitch as small as 1 angstrom to be detected, thus
demonstrating that the STM can visualize functionally significant modulations of

nucleic acid structure.

HE STM HAS ENABLED REMARK-

able visualization of surface topogra-

phy with a vertical resolution of 0.2
A and horizontal resolution of 2 to 3 A (7).
The possibility of visualizing nucleic acids at
this high resolution has major significance,
since the binding of proteins and other
aspects of gene regulation depend on struc-
tural variations at the level of 1 A (2).
Conventional electron microscopy allows
the local structure of individual molecules to
be discerned, unlike fiber diffraction or solu-
tion techniques that average over entire
molecules and populations of molecules.
The STM offers an additional advantage in
that contrast is achieved by detection of
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sample height and work function variations,
rather than by chemical treatments such as
shadowing or staining. We report the use of
the STM to measure the helical periodicities
of air-dried double-stranded RNA and
DNA molecules and in some cases to ob-
serve the alternation of major and minor
grooves. Images of vacuum- and air-dried
DNA were reported as early as 1984 by
Binnig and Rohrer (3) and recently by Bee-
be et al. (4). However, these images were
either obtained at low resolution or were so
distorted that no reliable information could
be obtained about helix dimensions. We
show that nucleic acid dimensions and struc-
tural features can be quantitatively assessed
and statistically analyzed by the STM, with
small and reproducible corrections for hy-
dration.

Calf thymus DNA (Sigma Chemical) and
synthetic RNA, poly(rA)-poly(rU) (P-L
Biochemicals, Milwaukee, Wisconsin) were
purified and dissolved in a buffer of 1 mM

sodium cacodylate, 10 mM NaCl, pH 7.4, at
a concentration of about 7 pM nucleotide
phosphate. To promote lateral association
by charge neutralization, the DNA was
mixed for 2 hours with 200 wM spermidine
HCl or 100 pM hexaamine cobalt (III);
stable RNA fiber bundles were obtained
without these trivalent cations. We found
that bundles, rather than individual mole-
cules, gave the most regular and reproduc-
ible images, perhaps because of mutual sta-
bilization of neighboring molecules under
dehydrating conditions. One-drop samples
were deposited on freshly cleaved, highly
oriented pyrolytic graphite (HOPG, Union
Carbide grade ZYA), and were air-dried at
room temperature.

A Nanoscope II (Digital Instruments,
Inc., Santa Barbara, California) equipped
with a 9-pm scan head made it possible to
efficiently locate regions suitable for analysis
but restricted the maximum magnification
to areas 500 A on a side (5). For most of the
analysis, the digitized images were filtered to
remove spike noise, narrow streaks, and the
effects of sample tilt. Filtered and unfiltered
images of poly(rA)-poly(rU) are shown in
Fig. 1. Seven individual duplexes are readily
discerned, and a repeat pattern is evident. A
typical center-to-center distance between ad-
jacent duplexes is 24.8 + 0.8 A (R-5 in
Table 1), which is only slightly greater than
the 21.3 A diameter of RNA (2). The
vertical profile of the cross section is consist-
ent with the bundle being composed of a
single layer of RNA helices (Fig. 1A).

The filtered vertical displacement profile
(Fig. 1E) along a helical molecule oscillates
uniformly with a period corresponding to
the pitch of A-RNA. The unfiltered profile
(Fig. 1F) shows the same pattern but also
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Fig. 1. STM image of a poly(rA)*pol):}\rU) bundle (R-5 in Table 1) containing seven duplexes with an
average interhelical spacing of 24.8 A. (A) Vertical profile perpendicular to fiber axis. (B) Filtered
topographic image. (C) Two-dimensional Fourier transform, showing the first and second peaks at
approximately 50° to the x-axis. (D) Unfiltered topographic image. (E) Vertical displacement profile
along the second duplex from the right-hand side of the filtered image. The distance between
the arrowheads is 29.5 A. (F) Same as (E) but with the unfiltered image. The distance between the
arrowheads is 7.0 A.

Table 1. Analysis of STM images of RNA and DNA fiber bundles to obtain helix dimensions. The helix
pitch was determined by the slope method. The filtered vertical displacement profile of each molecule in
the bundle was measured over the portion of its image that allowed clear recording of regularly
alternating peaks and troughs. The measurement was repeated three times to average over variations in
placement of the cursor. Pitch was determined as the slope of the linear regression line of displacement
along the fiber versus the number of peaks. The tabulated pitch is the average over all fibers in the
bundle, weighted by the number of peak-to-peak distances measured (n,). The periodicities that
correspond to maximum intensities of the two-dimensional Fourier transform peaks are those of the
helix pitch (Per 1) and the major-minor groove alternation period (Per 2). The spacing is the distance
between midlines of adjacent helices; #, is the number of measurements. All of the RNA samples had 1
to 2 hours of drying, except R-7, which had 10 hours of drying. The DNA samples were prepared as
follows: D-1 and D-2, no cations; D-3 through D-6, spermidine; and D-7, hexaammine cobalt (III), 10
hours drying.

Bias Pitch Per 1 Per 2 Spacing + SD

Sampl pacing

ample (mV) (m) &) A) A) (n2) (A)
R-1 314 28.7 (59) 28.6 14.3 24.7 £ 7.5 (5)
R-2 43.6 29.7 (61) 29.7 14.1 20.9 = 3.2 (18)
R-3 43.6 29.1 (60) 29.2 14.8 29.3 + 1.8 (17)
R-4 27.8 28.1 (17) 28.1 13.7 219 £5.6 (5)
R-5 -3438 30.0 (16) 29.5 14.4 24.8 + 2.8 (8)
R-6 -60.1 26.9 (83) 26.5 14.4 21.4+29 (4)
R-7 -46.7 23.3 (69)
D-1 81.2 29.2 (7)
D-2 52.5 30.1 (38)
D-3 -73.2 31.4 (54) 30.7 15.8 30.7 = 4.8 (58)
D-4 -73.2 30.4 (8) 30.4 14.8 32.0 £ 5.5 (16)
D-5 -73.2 32.4 (16) 333 15.9 29.3 * 6.8 (20)
D-6 -85.1 31.5 (20)
D-7 -69.6 22.8 (62) 19.9 £ 2.9 (18)

contains additional detail. Of particular in-
terest are the two peaks, indicated by the
arrows, that are separated by 7 A, a value
comparable to the width of the minor

groove (2). This spacing was observed in
several other neighboring peaks of Fig. 1F,
as well as in other samples that we analyzed.

Seven samples were analyzed with two
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Fig. 2. STM image of a calf thymus DNA aggre-
gate (D-1 in Table 1) without the presence of
trivalent cation, which shows a single duplex
separated from the main bundle. The structures
oblique to the fiber bundle are steps on the
cleaved graphite substrate. The three arrows point
out features spaced at 34 A. The average spacing
in the bundle is 29.2 A.

procedures to obtain information typical of
the population of molecules (Table 1). A
two-dimensional Fourier transform of the
image (Fig. 1C) exhibited two peaks, one
corresponding to the period of the helix and
the other to the alternating major and minor
grooves. The second method, or slope meth-
od, involves plotting the distance along the
fiber axis as a function of the number of
peaks traversed in the vertical displacement
profile; the slope yields the helix periodicity
and in most cases the half-period. The two
procedures give values of the period that
agree to within 0.1 A. In samples R-1
through R-6, the period is 28.7 = 1.1 A
and the major-minor groove spacing is
14304 A

The pitch of fully hydrated A-RNA deter-
mined by fiber diffraction is 30.9 A (6),
which is 7% greater than our STM value.
Our samples were typically scanned in air for
1 to 2 hours, and are therefore expected to
show mild dehydration, which is generally
accompanied by shrinkage (7). In order to
estimate the effects of dehydration, sample
R-7 was dried for 10 hours. Its pitch is 19%
less than the crystallographic value.

In Fig. 2 an aggregate of DNA is shown
that was prepared without trivalent cations
and that passed over a series of graphite
ledges; a single helix is visible at the right of
the aggregate. This structure is not as organ-
ized as RNA. The interhelical distance is
variable and generally greater than the DNA
diameter. Examination of this aggregate for
several thousand angstroms on either side of
the ledges revealed crossover of the strands,
obscuring the pitch of the helices. Two
analyses of the vertical displacement profiles
of short segments gave periodicities of 29.2
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Fig. 3. STM images of calf thymus DNA, with lateral association induced by (A) spermidine (D-3 in
Table 1) and (B) hexaamine cobalt (III) (D-7 in Table 1). The vertical displacement profiles give helical

periods of (C) 31.8 A and (D) 22.8 A.

and 30.1 A (Table 1, D-1 and D-2).

Suitable fiber bundles of DNA were ob-
tained by treatment with spermidine (Fig.
3A) and hexaammine cobalt (III) (Fig. 3B).
Analysis of samples D-3 to D-6 by Fourier
transform and slope methods gave periodici-
ties of 31.5 = 1.3 A, a value 7% less than
the 34 A value expected for B-DNA. The
hexaammine cobalt (IIT)—treated sample, D-
7, has a periodicity of 22.8 A, which is 19%
less than the 28.2 A expected for the A-
DNA (2, 8). This large shrinkage is attribut-
ed to an extended drying time of ~10 hours.
The effects of hydration have also been
noted by Lindsay and co-workers (9), who
obtained images of DNA samples sub-
merged in water, and observed a double-
helical pitch of 36 A.

The features in the cross-sectional scan in
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Fig. 1A—a depression on the left-hand side
of the bundle and a suppressed height of the
first helix on the right-hand side—are char-
acteristic of STM imaging, and arise from
the finite response time of the instrumental
control loop as the probe is rastered from
right to left across the bundle. In addition,
vertical displacement is a complex function
of probe-surface distance, work function,
bias, scan rate, and other instrumental set-
tings. There may also be an elastic interac-
tion between sample and tip (9). Conse-
quently, with inhomogeneous surfaces like
RNA adsorbed on graphite, measured verti-
cal displacements cannot be expected to
correlate reliably with physical distances.
Several aspects of the STM imaging of
nucleic acids deserve further comment. The
Fourier transform method gives a rapid

average over the scanned field. Although the
slope method is more tedious, it permits
local changes in pitch to be determined. For
example, the arrows in Fig. 2 point to
features spaced at precisely the B-DNA re-
peat of 34 A; other regions in this image and
others show different periodicities. Thus
variations in helical structure that accompa-
ny local base sequence, transitions between
helical forms (for example, B-Z), or pertur-
bations attendant upon protein binding can
potentially be visualized.

10.
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