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Abstract

Direct observation of DNA topological intermediates generated from a ‘chemical nuclease’ treatment has been made by atomic

force microscopy (AFM). The intermediates were trapped at the mica–water interface and imaging was carried out in the dynamic

force mode. Complete conversion from supercoiled circular state to relaxed circular/linear state has been observed over a time scale

of 8min. Implication of such studies in complementing gel electrophoresis data has been predicted.

� 2003 Elsevier Inc. All rights reserved.
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Atomic force microscopy (AFM) has been applied to

study the time-dependent function of a ‘synthetic nu-

clease’ (9AA–Cu complex) on the conformational states

of plasmid DNA pBR322. Observation of complete

conversion of plasmid from its circular supercoiled to

circular relaxed/linear state, over a time scale of 8min,

has been made and several topological intermediates

were trapped and detected at the mica–water interface.
To our knowledge, this is the first report of an AFM

study on the effects of a non-biological nuclease on

DNA topology.

Direct three-dimensional structural information on

single biological molecules in their near native condition

can be readily obtained from atomic force microscopic

studies [1]. Relative ease of sample preparation and

preservation of conformational features during AFM
imaging, compared to transmission electron microscopy
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phosphate ester; AAC, acoustic alternating current; MAC, magnetic
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or cryo-electron microscopy, provides further impetus

for using this technique to study biomolecular structural

details. In addition to its use in studying DNA super-

structures, applications of this method have been

extended to study interactions of DNA with polylysine

[2], RecA [3], restriction enzymes (PvuII and HincII) [4],

exonucleases [5], and cyanine dyes [6].

Phosphate ester (P-ester) modification induced by
metal ion-containing adenylated polymeric templates

has been reported earlier [7]. These constructs display

Michaelis–Menten kinetics and behave as versatile het-

erogeneous catalysts. Modified adenine–copper redox

couple relaxes the supercoiled DNA via oxidative route.

It is surmised that the co-oxidant addition of magne-

sium monoperoxyphthalate (MMPP) possibly oxidizes

Cu(II) to a hypervalent Cu(III)-oxo species, which re-
sults in the formation of either copper-bound non-dif-

fusible radicals species or diffusible radicals [8]. These

reactive species eventually lead to the DNA scission.

The structural transformation of natural substrates like

plasmid DNA by a simple adenine–copper catalyst

(Fig. 1) acting as an oxidative chemical nuclease could

be monitored by gel electrophoretic techniques as far as

crude detection of circular supercoiled, circular relaxed,
and linear forms is concerned. The need for detection

and direct visualization of various topological interme-

diates with different structural characteristics at the
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Fig. 1. 9-Allyl adenine–copper complex.
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molecular level led to the present AFM study. A special

interest was to explore the possibilities of the use of

AFM as a complementary technique of gel electropho-

resis. The present catalyst–DNA system was selected for

no specific reason related to mechanism, but because
both the components were previously characterized and

therefore could be used as a model system.
Fig. 2. Supercoiled plasmid DNA pBR322 cleavage by 9AA–Cu in the

presence of MMPP. Lane 1, pBR322; lanes 2–5, pBR322+ com-

plex +MMPP at 1, 3, 5, and 8 min reaction time. Form I: Supercoiled

form and Form II: relaxed form.

Fig. 3. Supercoiled plasmid DNA molecules before enzyme treatment

(scan range: 250� 250 nm).
Materials and methods

AFM setup, probes, and image acquisition. All the images were

obtained using a Pico SPM equipment (Molecular Imaging) with an

AFM A scanner. Images were obtained by the dynamic force mode.

This mode involves cantilever oscillation either by an acoustic signal

(AAC mode) [9] or by a magnetic signal (MAC mode) [10], leading to

an enhanced resolution and minimal damage to the fragile biological

samples. MAC mode was employed in all the experiments to circum-

vent the usual problem associated with AAC mode, i.e., masking of

actual cantilever response by resonance from the cantilever holder and

fluid body.

The fluid cell used for imaging under fluid was cleaned by keeping it

in piranha solution (conc. sulfuric acid:hydrogen peroxide¼ 7:3 by

volume) overnight and then washing and boiling in pure water for

15min with occasional change of water. Imaging was performed im-

mediately after cleaning the cell with freshly prepared sample under

100ll HPLC grade water.

Au–Cr coated MAC cantilevers (Molecular Imaging), 85lm long,

and with a resonance frequency range of 22–25 kHz (in pure water)

and force constant 0.06–0.1N/m were used as obtained.

Scan speed was typically 1–2 lines/s. Minimum processing limited to

‘first order flattening’ and ‘brightness contrast’ was employed when

necessary. The images are presented with inverted contrast for pre-

sentation purpose. Contour length was estimated by tracing the mo-

lecular contour with a segmented line.

Gel electrophoresis experiment. Plasmid cleavage reactions were

performed in sodium cacodylate buffer (10mM, 20 ll, pH 7.5, 30 �C),

containing pBR322 supercoiled plasmid DNA (8 ng/ll), 9AA–Cu

complex (100 lM), and activating agent [MMPP (100lM)]. Individual

reactions were quenched by adding gel loading buffer (5ll) containing

EDTA (100mM), loaded onto 0.7% agarose gel, containing ethidium

bromide (1 lg/ml), and electrophoresed for 1 h (70mA). The destained

gels were imaged using Bio-Rad GelDoc 2000 interfaced with a PC.

Preparation of AP mica. Freshly cleaved muscovite mica (ICR &

Sons Pvt., India) was kept in contact of an aqueous suspension of

APTES (Lancaster, UK) (water:APTES¼ 10,000:1 by volume) for

1 min, then washed with 1 ml of HPLC grade water (s.d. fine-chem,

India), and dried in dry N2 gas flow. APTES is known to generate

positively charged surface that is essential for immobilization of

polyanionic DNA molecules. A brief modification time ensures mild

modification of the mica surface. This helps in immobilizing the mol-
ecules only with minimum substrate effect on the solution conforma-

tion of DNA molecules. The AP mica pieces were stored (10–15min) in

a covered box until use.

Sample preparation with plasmid DNA. The sample was prepared by

deposition of 10 ll of 1 ng/ll plasmid solution [prepared in sodium

cacodylate buffer (10 mM, pH 7.5)] on AP mica for 10min, then

washed with 1ml (4� 250ll) of HPLC grade water, and immediately

imaged under water.

Sample preparation with catalyst treated plasmid DNA. The sample

was prepared from 1 ng/ll DNA solution obtained after catalyst

treatment of 8ll of DNA solution (2 ng/ll) in sodium cacodylate

buffer. Two microlitres of each of 9AA–Cu complex (100 lM) and

magnesium monoperoxyphthalate (MMPP) (100 lM) was added to

DNA solution and kept for 1/3/5/8min. MMPP possibly oxidizes

Cu(II) to a hypervalent Cu(III)-oxo species, which results in the for-

mation of either copper-bound non-diffusible radical species or dif-

fusible radicals [8], eventually leading to DNA strand scission. At the

end of the reaction time periods, 4 ll of EDTA (400mM) was added to

arrest the reaction. Sample preparation for AFM imaging was per-

formed in the same manner as for untreated DNA solution. Imaging

was carried out under HPLC grade water immediately after sample

preparation.
Results and discussion

In Fig. 2, the topological course of chemical nuclease

action as monitored by gel electrophoresis experiment

over short reaction time spans (1, 3, 5, and 8 min) is

presented. It is evident from this diagram that major

conversion takes place in 5 min time, while complete

conversion takes place by 8min time period. The

characteristic AFM images of the individual molecules
before catalyst treatment are shown in Fig. 3. Complex



Fig. 4. (A) Two circular relaxed DNA molecules and linearized frag-

ments and (B) several circular relaxed molecules are found scattered

(after 8min treatment).

Fig. 5. (A) Smoothly bent circular DNA molecule along with linear

fragments and (B) linear fragments (after 8 min treatment).

R. Mukhopadhyay et al. / Biochemical and Biophysical Research Communications 308 (2003) 165–169 167
tertiary structures with well-defined morphologies, for
example, highly coiled structures (loop diameter in the

range of 20–40 nm) with more than one crossover

points are distinct in these images. Freshly cleaved

mica, following surface modification by an aqueous

suspension of aminopropyltriethoxysilane (APTES) [11]

for a short period, was used for immobilization of the

DNA molecules. Such treatment results in sparse pos-

itively charged mica surface that ensures optimal
binding of the plasmid due to electrostatic interactions,

while still maintaining its structural integrity. Contin-

uous imaging over the same area did not cause any

deformation in shapes and dimensions of the DNA

molecules, reflecting minimum tip induced distortion

and proper immobilization of the molecules on APTES

treated mica (AP mica). Imaged width of the DNA

molecules is determined to be 12� 3 nm, while the
width known from X-ray studies is 2 nm [12]. The width

widening in the AFM images compared to X-ray

structure is due to the convolution between sample

features and tip structure/shape. However, this is not

expected to affect the overall conformation and the

structural features resulting from nuclease action. A

range of �6 nm in width values is observed because of

tip-sample convolution effect and a variation in it as-
sociated with different tips used during AFM experi-

ments. Different tips were used since tip quality

deterioration during fluid phase imaging and conse-

quent tip replacement with a new one was a routine

phenomenon. The structures obtained in the adsorbed

state could be related to the solution state structures as

also previously done [13], since the environment and

adsorption induced structural changes were minimized
by imaging under fluidic conditions and by using mildly

charged substrate surface, respectively.

Some linear molecules were observed along with the

supercoiled molecules in the DNA sample before cata-

lyst treatment. This is reflected from the upper band in

lane 1 in gel electrophoresis diagram (Fig. 2) as well. No

circular relaxed state was detected by AFM at this stage

indicating the upper band be primarily due to the line-
arized state. However, the number of linearized mole-

cules observed was fewer compared to that of the

supercoiled molecules and the images of coiled mole-

cules are selectively chosen and presented in Fig. 3, since

the aim of this work was to monitor conversion of cir-

cular supercoiled DNA to its circular relaxed/linear

state.

The DNA molecules with relaxed morphologies after
8min treatment with the catalyst are evident from the

imaged shapes shown in Figs. 4 and 5. This time period

allows for a more extensive cleavage leading to higher

degree of conformational changes, resulting in the for-

mation of both circular relaxed and linear products of

variable lengths and shapes. In Fig. 4A, two circular

relaxed molecules (shown by arrows) are observed, while
several such molecules are observed scattered in Fig. 4B.

The loop diameter of these circular molecules along the

short axis varies between 40 and 100 nm. In Fig. 5A, a

smoothly bent circular molecule, with no observable

superhelicity, is shown along with several linear frag-

ments. The presence of both circular relaxed and linear

DNA molecules (Figs. 4 and 5) indicates a strong pos-

sibility of single and double strand cleavage, respec-
tively, of the plasmid [14]. A considerably greater

number of linear molecules could be detected compared

to the circular relaxed state indicating the upper band in

lane 5 (Fig. 2) be primarily due to the linearized mole-

cules.

Observation of linear molecules of different lengths

(Figs. 4 and 5) indicates random multiple cleavage of the

supercoiled plasmid leading to the smaller fragments.
From a quantitative length distribution study (Fig. 6) on

40 linearized DNA fragments, it is observed that the

average lengths lie in the range of 200–600 nm. No ob-

servation of fragments less than 100 nm or more than

1000 nm in length was made. This indicates insignificant

cleavage from edges of the linearized molecule generated

by initial cleavage of the plasmid. From Fig. 6, maxi-

mum cleavage appears to occur at the central region of
the linearized plasmid.



Fig. 6. Quantitative image analysis on the linear DNA fragments.
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Catalyst treatment of the plasmid for 1, 3, and 5min

led to the observation of all the three topologies, i.e.,
circular supercoiled, circular relaxed, and linear, though

for 5 min sample, it was primarily linearized molecules/

fragments, some circular relaxed structures and rarely,

coiled molecules (data not shown).

Control experiments were performed under water by

imaging bare mica, AP mica, cacodylate buffer treated

AP mica, AP mica treated with a solution of catalyst,

co-oxidant, and EDTA in cacodylate buffer. No major
contamination, surface roughening and DNA (coiled

and relaxed) like features were observed. Plasmid trea-

ted with a solution of co-oxidant and EDTA was also

imaged to look for any disruption of tertiary structure in

the absence of the catalyst. No uncoiled and relaxed

morphologies were detected and the structure of super-

coiled plasmid molecules was observed intact.

In conclusion, direct evidence for relaxation of single
supercoiled DNA molecules by oxidative chemical nu-

clease treatment has been obtained by AFM. We have

shown that molecular level details can be obtained

leading to more precise assignment of the bands in gel

electrophoresis diagram, e.g., the upper bands in lanes 1

and 5 (Fig. 2) are primarily due to the linear state. Both

the relaxed states, circular relaxed and linear, could be

detected by AFM unlike gel electrophoresis and an idea
about the cleavage characteristics (Fig. 6) could also be

obtained. Very small amount of material (5–10 ng) is

needed for an AFM study and importantly, the exact

time for complete conversion from supercoiled to the

circular relaxed/linear form can be obtained since a

small number of coiled molecules can be detected by

AFM, which is not possible in an ensemble experiment.

It is evident that non-destructive surface trapping and
AFM detection of nucleic acid topological intermedi-
ates can provide a powerful approach towards obser-
vation of a variety of structural modifications and

therefore can complement corresponding studies

performed with the conventional gel electrophoretic

techniques.
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