
Molecular Structure of DNA by Scanning 
Tunneling Microscopy 

Uncoated DNA molcculcs marked with an htedtris(1-lziridinyl) phosphinc oxide 
(TAPO) solution were dcpoaited on gold substrates and imaged in air with the use of a 
hi&rcsolution ( ~ t x d q g  tunneling microscope (STM). Cunstant-t and gap- 
~STMimPgwshowdcu~~~ofthehelidtyoftheDNAsaucaue:pi~ 
~ t ~ r r v l g c s ~ 2 5 a n d 3 5 ~ w h ~ t h e a ~ d i ? m ~ i s 2 0  
~ . M o ~ s a u c t u r r w i t h i n a s i n g l c h e l i x t u r n w a s h o b w r r r r d  

T HE SIhrl HAS PROVED USBPuL NOT obtained from raw data without any post- 
only fix imaging surfaces of mctals electronic image treatment. 
and saniconductors (1, 2) but also 

fix important biological systcms such as 
biomanbranes (3), bacteriophage partides 
(4), and DNA m o l d e s  (5). Recent 
obscmdons of non-maal-shadowed DNA 
that clearly show the hdicity ofthe m o l d e  
(6) havc mdy increased the interest of 
s.iU appPcatidns in biology. We rcport 
SIU observations of unshadowed DNA 
that show features of the molecular stnraurr 
within single hdix turns. 

Thc SIU images wcrc taken in air simul- 
taneously in the constant-cumnt and gap 
modulated modes. In the latter modc the 
sample-tip distance is sinusoidally modulat- 
ed by biasing the z-piczo high-voltage con- 
troller with a suitable ac voltage. Thc k- 
qucncy is set at a value higher than the 
fcedbackcutoffinordcrtoIwp t h c t i p  
sample mean distana constant. Since the 
tunn c u r r c n t c a n b c c x p d a s I -  

( g n s ) ,  the moddated cwcn divided 
by the current is approximately [n ccting % the tam dwds (1, 7)] d(ln l)/ds-+ ; + is 
the local dkctive barrier height and s the 
sampletip gap. Thus the amplitude of the ac 
partofthctunnelingcumnt,asmeasurcd 
by a lack-in amplifier, is roughly propor- 
tional to the s q m  root of the tunnel 
barrier height (1). The barrier hclght de- 
pcnds on tht local value of the work func- 
tion so that the method is sensitive to the 
chemical stnraurr of the sample. 

The specially designed STM d is de- 
scribed chvcrc (&lo), as is the technique 
fixtheshapingofthemngsten tip (11). Thc 
reliability and stability of this instrummt 
have bccn tested by imaging graphite 
C(0001) surfaces with a lateral mlution 
better than 0.5 A. Thc images shown were 

Plasmid circular DNA in aqueous solu- 
tion (concentration 1 mgtrnl) was used as a 
standard solution. The DNA was marked 
with activated tris (1-aziridinyl) phosphinc 
oxide ( T B )  by mixing 20 pl each of 
DNA and activated TAP0 solutions fbr 1 
hour at room temperature (12). The solu- 
tion was then deposited on a gold-plated 
aluminum stub and dried at room tempera- 
ture fix scvcral hours. The possibility of 
prtscrving nakcd untreated DNA suitable 
fix STM o h t i o n  is still an open ques- 
tion. DNA molecules deposited on conduct- 
ing substrates k p e n t l y  collapse and a m- 
ble tunneling condition is not achieved (13). 
Thc success of the prescnt experiment scans 
to suggest that nakcd DNA molecules are 

Fb. 1. A d(h I)/& image (480 A by 

I 320 A) of DNA m o l d  deposit- 
cd an &+. A ~ ~ o n ? l  
t o p v i c w ~ ~ l s ~ c d W i d l  
*ad illumin?tion; gap volt- 
age, 20 mV (sample iavc); tun- 
neling current, 1.0 Cdulation 
firqucncy, 11 1 and d u l a -  
tion amplitude, 0.5 A. 

Fig. 2. (A) d(h I)/& high-mgd+non (60 A by 36 A) of DNA mokdc. &a ' 
' 
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Distance (A) 
Flg. 3. Plot of d(ln I)/ds along the line A-B of Fig. 
2A. The two highest peaks should correspond to 
phosphate molecules of DNA backbones, whereas 
the small peak in the center may be due to the 
shallow bases inside the minor groove. 

well presewed, presumably since the ends of 
the DNA segments are fixed by TAPO. Pure 
TAPO solution on a similar gold substrate 
car be imaged only in the constant-current 
mode and appears as a crystalline structure 
of squares 3 A on a side. The absence of 
imaging in the gap-modulated mode is 
probably due to a negligible modification of 
the work function of gold by TAPO. 

In Fig. 1, which is a d(ln I)/ds map, two 
long, partially overlapping segments of dou- 
ble-stranded DNA molecules are shown. 
The two segments of DNA molecules show 
a typical helical conformation. The perio- 
dicity of the helix ranges from 25 A for the 
lower segment to 35 A for the upper one. 
Reproducible results have been obtained in 
several samples. At low magnification (as in 
Fig. l ) ,  images in the constant-current 
mode are essentially the same, except for 
minor details in those segments where the 
molccule is marked by TAPO. 

In Fig. 2A, which is a d(ln I)/ds map, a 
section of the DNA molecule is shown at a 
much greater magnification (60 A by 36 A) 
and is a three-dimensional top-view repre- 
sentation with simulated illumination at an 
angle of 65" from the plane. The various 
colors represent the shading and their se- 
quence has been chosen to increase the 
contrast. The molelcular structure of the 
DNA shows up dramatically. The two sec- 
tions of approximately rectangular shape 
(20 A by 15 A) in Fig. 2A form an angle of 
40" with the molecular axes and clearly 
represent the shallow minor grooves of the 
helix separated by an imperfectly imaged 
region that corresponds to the deep major 
groove. The poor imaging of the major 
groove is probably due to the tip trying to 
enter the groove and drawing current from 

its sides, thus blurring the image. Due to the 
illumination technique used, the purple-red 
color spots correspond to local maxima. 
This kind of image representation enhances 
the small peak clearly visible in the middle of 
Fig. 3, which corresponds to the purple-red 
spots at the center of the rectangles, whereas 
k a relative height map representation it 
would not be resolved. A standard model of 
the B-DNA double helix is shown in Fig. 2B 
for com~arison. The model is com~osed of 
phosphate molecules aligned along the 
DNA backbones and inner bases (dashed 
lines). In order to make a direct connection 
with the experimental result, the line A-B in 
Fig. 2A has been redrawn in the approxi- 
mate location on the model. The agreement 
is remarkable: the periodicity of the helix 
is approximately 35 A; the width of the 
minor groove is 12  to 15 A. The slight 
difference in the helix angle with respeci to 
the model is due to local tilting that is 
probably caused by interaction with the 
substrate. A plot of d(ln I)/ds is shown in 
Fig. 3 along the line A-B of Fig. 2A. 

The association of the structure of d(ln I)/ 
ds to the different molecules or molecular 
groups is a much harder task. A possible 
interpretation is that phosphate molecules of 
the backbone, which are negatively charged 
and thus increase the local work function, 
are associated with the purple-red spots on 
the long side of the rectangles correspond- 
ing to the two highest peaks of Fig. 3. The 
larger blue-green colored structures would 
then be associated with sugar molecules and 
bases. Five purple-red bars-corresponding to 
the intermediate peak in Fig. 3 should also 

be noticed on the long axes of the rectan- 
gles: they might be due to the shallow bases 
inside the minor groove. 

The image of Fig. 2A presumably shows 
naked DNA, although the possibility of the 
presence of water molecules and TAPO 
bound to the DNA cannot be ruled out. 
Further experimental work is needed for a 
complete understanding of such a problem. 
However, the results reported here already 
show the great potential of the method for 
the characterization and possible sequentia- 
tion of the DNA. 
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Aerosols, Cloud Microphysics, and 
Fractional Cloudiness 

Increases in aerosol concentrations over the oceans may increase the amount of low- 
level cloudiness through a reduction in drizzle-a process that regulates the liquid- 
water content and the energetics of shallow marine clouds. The resulting increase in 
the global albedo would be in addition to the increase due to enhancement in 
reflectivity associated with a decrease in droplet size and would contribute to a cooling 
of the earth's surface. 

T WOMEY et d l .  ( 1 )  ARGUED THAT IN- 
creases in aerosols due to either natu- 
ral or man-made causes can increase 

cloud reflectivity by increasing the number 
of cloud condensation nuclei (CCN). Be- 
cause there may be few CCN over the 
oceans away from continental influence, any 
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increase in the number of CCN may have a 
significant impact on the microphysics of 
clouds and thus climate. Ship trails (2, 3) 
provide evidence that under proper condi- 
tions increases in aerosol concentrations can 
locally increase the reflectivity of shallow 
marine stratocumulus clouds. Charlson et al. 
(4) discussed the possible interaction be- 
tween cloud reflectivity and the production 
of dimethylsulfide (DMS) by phytoplank- 
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