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Abstract: Topological modifications of
plasmid DNA adsorbed on a variety of
surfaces were investigated by using
atomic force microscopy (AFM). On
mica modified with 3-aminopropyltrie-
thoxysilane (APS) or poly-L-lysine, the
interaction between the plasmid DNA
and the surface “freezes” the plasmid
DNA conformation deposited from so-
lution, and the AFM images resemble
the projection of the three-dimensional
conformation of the plasmid DNA in
solution. Modified mica with low con-
centrations of Mg?* leads to a decrease

the AFM images reflect the relaxed or
equilibrium conformation of the adsor-
bed plasmid DNA. Under these opti-
mized deposition conditions, topologi-
cal modifications of plasmid DNA were
produced under irradiation in the pres-
ence of [Ru(TAP);** (TAP=14,5,8-
tetraazaphenanthrene), which is a non-
intercalating complex, and were fol-
lowed as a function of illumination
time. The observed structural changes
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correlate well with the conversion of
the supercoiled covalently closed circu-
lar form (ccc form) into the open circu-
lar form (oc form), induced by a single-
strand photocleavage. The AFM results
obtained after fine-tuning of the plas-
mid DNA-substrate interaction com-
pare well with those observed from gel
electrophoresis, indicating that under
the appropriate deposition conditions,
AFM is a reliable technique to investi-
gate irradiation-induced topological
changes in plasmid DNA.

in the interaction strength between
plasmid DNA and the substrate, and

Introduction

DNA photocleaving agents based on metal complexes have
been developed during the last decade."? The photocleav-
age takes place according to a type I (by electron transfer)
or type II (by singlet oxygen) oxidation mechanism. There
are only a few examples of pure type I photocleavage, initi-
ated by a photoelectron transfer from a nucleobase to a
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metallic photosentitizer.”! These metallic complexes have
also been examined as potential phototherapeutic drugs,
probes for nucleic acids, or sequence-specific photore-
agents.’! The possibility of using atomic force microscopy
(AFM) to observe directly conformational transitions of
plasmid DNA due to, for example, a single-strand cleavage,
is very attractive because the topology of plasmid DNA
plays an important role in genetic processes and in the inter-
action of DNA with enzymes. However, the understanding
of conformational transitions of plasmid DNA as a result of
a photocleavage is still rather limited. Therefore, studies at
the single-biomolecule level are very useful.

AFM has been widely employed to study DNA because
it allows the determination of not only the averaged struc-
tural properties, but also structural heterogeneities induced
by drug binding and/or photoreactions.” % The main advan-
tages of this technique, in addition to its high spatial resolu-
tion, are the sample preparation and measuring conditions:
sample preparation avoids artifacts that arise from deposi-
tion of a metal coating as used in electron microscopy, and
the samples can be investigated even under buffer condi-
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tions.!®! Hence, AFM measurements reflect more accurately
the natural environment of the biomolecule.

The sample preparation for AFM, that is, deposition of
the material onto a flat surface, involves the transition from
three to two dimensions,” " which modifies the conforma-
tion of DNA. Rivetti et al. reported that the method of im-
mobilization is crucial for the observation of linear DNA
molecules. Indeed, appropriate adhesion methods allow the
adsorbed DNA molecules to obtain their equilibrium con-
formation even after the loss of one degree of freedom, so
that they adopt the lowest energy conformation upon ad-
sorption onto a surface.'” However, such relaxation proc-
esses on a surface are not straightforward for plasmid DNA,
because conformational transitions of plasmid DNA involve
many aspects: not only inertial force and excluded volume,
but also the torsional strain in the winding of plasmid DNA
play a role.

Therefore, it is mandatory to investigate the effect of the
transition from three to two dimensions on the appearance
of plasmid DNA in the AFM images, before studying in
detail the structural changes resulting from the interaction
and DNA photocleavage induced by Ru" complexes.? Pho-
tocleavage induces a conformational transition of the plas-
mid DNA from a supercoiled, covalently closed circular
form to an open circular one.

The Ru" complex containing
N 1,4,5,8-tetraazaphenanthrene li-
gands ([Ru(TAP);J**) is a good
(3) candidate as a photosensitizer
N N for DNA cleavage (Figure 1).0'%]
The n-deficient character of the
TAP ligand causes the corre-
sponding excited complexes to
be more oxidizing than the ex-
cited species of most other
complexes containing poly-
pyridyl ligands, such as 2,2'-bi-
pyridyl or 1,10-phenanthro-
line."* It has been shown that
the Ru" complex with three
TAP ligands is more efficient in photocleaving the DNA
phosphate backbone than the other Ru" polypyridyl com-
plexes, and can form photoadducts with guanine bases.
These photoreactions have been shown to be promoted by
electron transfer from the guanine base of DNA to the cor-
responding excited complex.!"¢! Photoinduced electron
transfer can thus lead to either a photocleavage or a photo-
addition. Excited [Ru(TAP);** produces single-strand
breaks in plasmid DNA.' In the single-strand-breaking
model, one single-strand break converts the supercoiled, co-
valently closed circular (ccc) form to a nicked, open circular
(oc) form (Figure 2). If a cleavage occurs in the opposite
strand close to the site of the initial strand cleavage, the oc
form could, in principle, be converted to the linear form.
These structural conversions are schematically depicted in
Figure 2a. Figure 2b shows a series of AFM images of the
corresponding forms.

Figure 1. Chemical structure of
[Ru(TAP);]**.
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Figure 2. Photoinduced conversions of the tertiary structure of pUCI1S8
plasmid DNA from AFM images: a) schematic drawing, b) typical AFM
images of the corresponding structures.

In this study, we present the effect of immobilization
strategies on the configuration of plasmid DNA adsorbed
on a surface. After optimization of the deposition approach,
we investigated the irradiation-induced topological changes
of plasmid DNA in the presence of [Ru(TAP);]** as a func-
tion of irradiation time. We did this by using AFM, and
compared the results with those of gel electrophoresis.

Results and Discussion

To study conformational transitions of plasmid DNA as a
result of photocleavage, it is important that the conforma-
tion of the plasmid DNA as imaged on a surface reflects its
intrinsic conformation. However, during deposition of plas-
mid DNA onto a surface, the conformation is inevitably
modified by the transition from three to two dimensions. It
has been reported that the conformational flexibility of long
polymers on a surface strongly depends on interactions with
this surface.’” 'Y Therefore, we initially examined different
immobilization strategies, that is, treatment of the mica sur-
face with Mg”**, 3-aminopropylethoxy silane (APS), and
poly-L-lysine. These methods provide different adhesion
forces; Mg?*-mica™ at a relatively low concentration of
Mg?* and APS-mica,'” which was prepared from diluted
APS solution, provide weak immobilization conditions.
Poly-L-lysine-coated mica is considered to provide stronger
immobilization, due to the high density of adhesion sites,
which is promoted by amino groups.

Figure 3a—c show typical AFM images of non-irradiated
pUCI18 plasmid DNA in the presence of [Ru(TAP);]** on
mica modified with Mg** (5 mm in water), APS (0.01 wt%
in water), and poly-L-lysine (0.01 wt % in water), respective-
ly. The DNA solution before deposition contains ~80% of
the ccc form and ~20% of the oc form, as determined by
performing gel electrophoresis. Figure 3a shows that on
Mg?**-mica, both the ccc and oc forms can be clearly identi-
fied. Under these conditions, the ratio of ccc form:oc form
was the same as that observed in solution, as determined
from more than ten locations on two samples prepared from
the same solution. This is not the case for surfaces that have

www.chemeurj.org — 759


www.chemeurj.org

CHEMISTRY—

S. De Feyter, A. Kirsch-De Mesmaeker et al.

A EUROPEAN JOURNAL

Non-irradiated

Irradiated

Figure 3. AFM images of pUCI8 plasmid DNA in the presence of [Ru(TAP);** deposited on mica:
a)—c) from non-irradiated solution, d)—f) from irradiated solution. The mica surface was pretreated with Mg**

(a,d), APS (b,e), or poly-L-lysine (c,f).

been treated differently. Thus, on both APS- (Figure 3b)
and poly-L-lysine-coated mica (Figure 3c), plasmid DNA
adopts a more tightly coiled structure. On these substrates,
the ccc form was the dominant conformation (>90%). In
addition, aggregates are sometimes observed on APS- and
poly-L-lysine-coated mica, which prevents the identification
of individual plasmid DNA strands. Note that the linear
chains observed on APS- and poly-L-lysine-coated mica are
features of the surface itself and do not originate from the
linear DNA form. AFM images of plasmid DNA obtained
in the absence of [Ru(TAP);]** show the same results (data
not shown), confirming that, because of its non-intercalating
binding mode, [Ru(TAP);]** does not induce significant
morphological changes in plasmid DNA.

Figure 3d—f show AFM images of irradiated plasmid DNA
in the presence of [Ru(TAP);]** on mica treated with Mg+,
APS, and poly-L-lysine, respectively. Note that the solution
was irradiated before deposition on the substrate. By using
agarose gel electrophoresis, it was estimated that the same
irradiated solution contained 38 % of the ccc and 62% of
the oc form. On Mg>*-mica (Figure 3d), the conformation
of the plasmid DNA clearly changed from a supercoiled
structure to a relaxed form, compared to non-irradiated
DNA, as shown in Figure 3a. From the AFM images, the
relative amounts of the ccc and the oc form were estimated
to be ~60 and 40 %, respectively, which is in good agree-
ment with the gel electrophoresis measurements. The plas-
mid DNA on APS-mica shown in Figure 3e displays more
coiled structures (>80%) than is seen on Mg**-mica, al-
though the former exhibit more relaxed forms than the non-
irradiated plasmid DNA on APS-mica (Figure 3b). On poly-
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L-lysine-modified mica, less dif-
ference is observed between ir-
radiated and non-irradiated
samples.

The different results obtained
from the various surfaces can
be related to the different im-
mobilization strategies, in com-
bination with the salt effect
(MgCl,) on the DNA confor-
mation. During deposition of
plasmid DNA from solution
onto the surface, the apparent
conformation could change. For
example, the oc form of plas-
mid DNA appears as a coiled-
like conformation on poly-L-
lysine, which makes it difficult
to distinguish between the ccc
and oc forms in two-dimension-
al images.”™'”! The strong adhe-
sion on poly-L-lysine does not
allow the plasmid DNA to
relax into its intrinsic equilibri-
um conformation after adsorp-
tion, with the effect that most
of the plasmid DNA might appear to have a coiled configu-
ration. Thus, the immobilization energy is too great to allow
the observation of any change due to irradiation. In con-
trast, with low concentrations of Mg”*- and APS-mica, the
equilibration due to the relatively weak adhesion might
allow the plasmid DNA to remain relaxed in its intrinsic
conformation after adsorption. Although on APS-mica,
which was prepared from a dilute solution of APS, the re-
laxed form could be observed, the number of plasmid DNA
strands per AFM image was very low, and the reproducibili-
ty of the statistical analysis was inferior to the results ob-
tained with Mg?*-mica. Therefore, we chose Mg**-modified
mica to study the DNA photocleavage in more detail.

In addition to the deposition process, we must also take
into account the effect of ionic strength on DNA conforma-
tion™ ' and the interaction of Ru complexes with DNA I
To investigate the ionic strength effect and to select the
ideal concentration of Mg”**, we determined the relative oc-
currence of the different plasmid DNA forms on mica as a
function of the concentration of Mg** (Figure 4). The solu-
tion was prepared as before and the same irradiation condi-
tions as those described for the investigation of the effect of
the immobilization methods were used. In the presence of a
high concentration of Mg>* (37 mm), approximately 70 % of
the plasmid DNA appears to have a ccc-like configuration
on the mica surface after illumination, which is much higher
than the proportion in solution determined by electrophore-
sis. As the concentration of Mg>* was reduced, the relative
amount of the ccc-like configurations decreased. At less
than 5mm Mg>*, the percentage of ccc and oc configura-
tions was similar to that obtained with gel electrophoresis.

Poly-L-lysine
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Figure 4. Dependence upon [Mg”*] of the deposition of plasmid DNA on
a mica surface, shown as the proportion of the ccc-like (@) and oc-like

(w) forms as a function of Mg** concentration. The solution was irradiat-
ed with 0.4 Wem™ for 70 s at 458 nm.

Therefore, we used a Mg®™ concentration of 3-5 mm for the
experiments described below. At such relatively low concen-
trations of Mg?*, Mg**-mica provides the highest reproduci-
bility for statistical analyses of AFM images and the best
agreement with the results of gel electrophoresis, although
the presence of MgCl, can have an unwinding/winding
effect on plasmid DNA in solution before deposition. How-
ever, this excellent agreement between the results of the
two experimental techniques strongly suggests that at the
low MgCl, concentration used, salt-induced winding/unwind-
ing effects do not play a crucial role, and that adsorption
occurs under equilibrium conditions, as predicted by some
earlier reports.® !

After the selection of the substrate and optimization of
the deposition conditions, a kinetic study of the photocleav-
age was conducted by performing gel electrophoresis and
AFM. The results of a typical DNA photocleavage experi-
ment at [bp]/[Ru]=20 are presented in Figure 5 (bp=base
pairs). The filled and open symbols in Figure 5 show the rel-
ative amounts of the ccc and oc plasmid DNA forms as a
function of irradiation time, identified by AFM and agarose
gel electrophoresis, respectively. Before irradiation, the solu-
tion contained approximately 82% of the ccc and 18 % of
the oc form. The non-irradiated stock DNA solution without
metal complexes exhibited the same ratio. The amount of
the oc form increases at the expense of the ccc form as irra-
diation time increases. After 15 s of irradiation, only 33 % of
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Figure 5. The relative amounts of the ccc (@ and o) and oc (m and o)
forms as a function of irradiation time. The filled and open symbols indi-

cate the results of AFM and gel electrophoresis, respectively. 5 mm of
Mg?* was used in the preparation of the AFM samples.
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the ccc form was observed and 67 % of the oc form was al-
ready present. As shown in Figure 5, the product profiles for
AFM and gel electrophoresis are similar: in both cases, the
photoconversion reaches a plateau after 15 s of irradiation.
The differences between both analyses are less than 10% at
the low concentration of Mg?* employed in this study. The
fact that a plateau is reached after a certain illumination
time has already been observed,'® and would be due to
photodechelation of the starting complex and/or formation
of photoadducts of the metallic species to DNA, two proc-
esses that consume the photosensitizer.

Conclusion

We have investigated the effect of different DNA immobili-
zation strategies on mica for the study of conformational
transitions of plasmid DNA as a result of photoinduced
cleavage by [Ru(TAP),;]>*. We compared the effect of the
substrate on the immobilization of plasmid DNA. Mg**-
mica at low Mg?* concentrations provides the weakest adhe-
sion force and supports equilibration conditions, which
allows plasmid DNA to relax, so that its intrinsic conforma-
tion in solution is reflected upon adsorption onto the sur-
face. As well as the nature of the substrate, the Mg2+ ratio
plays a role in the case of Mg?>*-mica. Only at low concen-
trations is there good agreement between the results of
AFM and gel electrophoresis experiments regarding the rel-
ative amounts of the ccc and oc forms. These results are
promising in view of future investigations by means of AFM
of the structural conversion from the ccc to the oc form.
The deposition conditions and analysis described here will
facilitate the study of DNA conformational changes as a
result of photocleavage at the single-molecule level, as well
as in situ investigations in water.

Experimental Section

Sample preparation: Ru(TAP),Cl, was synthesized and purified accord-
ing to a previous procedure.® The pUC18 plasmid DNA from Escheri-
chia coli pRI, with 2686 base pairs (bp), was purchased from Sigma-Al-
drich. The stock solution of the plasmid DNA was prepared in 10 mm
Tris buffer and stored at —20°C. 3-Aminopropylethoxy silane (APS) and
poly-L-lysine were purchased from Sigma-Aldrich and were used without
further purification. Water was obtained from a Millipore Milli-Q purifi-
cation system (18 MQ). The concentration of Ru(TAP),’* in the aqueous
solutions was determined by using absorption spectroscopy with a molar
extinction coefficient of &,3,=13000M~'cm .13

The photolysis solutions at molar ratio [bp]/[Ru]=20 were prepared by
mixing the DNA stock solution and Ru(TAP),** solution and leaving
them to equilibrate for 15 min. The plasmid DNA solutions were photo-
lysed by irradiation at 458 nm (Ar-ion laser, Stabilite 2017, Spectra-Phys-
ics). The excitation light was expanded and collimated by two lenses to ir-
radiate the complete sample volume. Samples contained 25 uL of ruthe-
nium complex (1.1 um) and pUCI18 ([bp]=22 um) so that only a small
fraction of light was absorbed during photolysis. 20 pL of the irradiated
solution was analyzed by performing gel electrophoresis and another
5 uL was diluted with tris buffer and used for AFM measurements. All
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operations with DNA-Ru complexes were conducted under dimmed-
light conditions.

DNA adhesion onto Mg**-mica: The non-irradiated and irradiated solu-
tions were diluted to 1 pygmL ™" of plasmid DNA in tris-HCI (10 mm) and
MgCl, (3-5 mm). The Mg?* ions were added to promote DNA adhesion
to a mica surface.'”! Note that MgCl, was added after illumination. This
prevents, due to electrostatic interaction of Mg** with DNA, the replace-
ment of metal complexes by Mg ions from plasmid DNA.™! The solu-
tion (8-10 ul) was deposited on freshly cleaved mica (~8x8 mm?). After
2 min of incubation at room temperature, the samples were gently rinsed
with 5x2 mL of Milli-Q water and blown dry with clean compressed Ar
gas before AFM measurements were taken.

DNA adhesion onto mica modified with APS and poly-L-lysine: The
pure APS solution was diluted with Milli-Q water to a concentration of
0.01-0.001% by volume. 10-15 pL of the solution was deposited onto
freshly cleaved mica. After 20 min of incubation, the sample was rinsed
with 5 mL Milli-Q water to remove excess APS solution and then dried
with Ar gas."!

10 uL of 0.01 wt% poly-L-lysine aqueous solution was deposited onto
freshly cleaved mica and incubated for 1 min. Then the substrate was
rinsed with 5 mL Milli-Q water and dried with Ar gas.['¥!

For both modified mica substrates, 10 uL of the plasmid DNA solution
(1 ugmL™") was deposited on the substrate and incubated for 2 min.
Then the sample was rinsed with Milli-Q water and dried with Ar gas.

Gel electrophoresis analysis: Irradiated samples were loaded on a 1%
agarose horizontal gel (SubCell GT, BioRad) and migration was per-
formed for 2-3 h by using a TAE buffer with the voltage set at 70 V. The
gel was then stained with an ethidium bromide (EtBr) solution and DNA
bands were visualized by using a UV transilluminator equipped with a
CCD camera. Quantification of the various plasmid DNA forms was re-
alized by using the Quantity One 4.2 software from BioRad. A corrective
factor of 1.66 was used for the ccc form, due to the lower accessibility to
the EtBr of the supercoiled form. In some gel electrophoresis data of ir-
radiated pUCI18 plasmid DNA in the presence of [Ru(TAP);]**, a band
that increased in intensity as a function of irradiation time was observed.
This suggested the presence of a linear DNA form, even before irradia-
tion. It was subsequently found that this spot was due to the presence of
a DNA impurity in the sample.'”)

AFM imaging and analysis: AFM measurements were performed by
using either a Multimode AFM with a Nanoscope IV controller (Veeco/
Digital Instruments, Santa Barbara, USA) or a PicoSPM (Molecular
Imaging, Arizona, USA) with the Acoustic AC-module (Molecular Imag-
ing, Arizona, USA) and SPM-1000 control unit (RHK Technology, Mich-
igan, USA). Samples were imaged in air in tapping mode with a drive
frequency of 200-300 kHz. Silicon nitride oxide-sharpened tips (NCHR,
Nanosensors, Germany) were used. All images were background leveled
(up to second order).

According to the model (Figure 2), the relative amount of different plas-
mid DNA forms was statistically evaluated for approximately 500 plas-
mid DNAs in more than ten AFM images, collected on two samples that
were prepared from the same solution. Reliable analysis requires the col-
lection of more than five images at different positions for each sample,
typically one at the center and four around the center. This is because
the population of each form was heterogeneously distributed on the mica
substrate. Only those plasmid DNAs that were completely visible within
the frame of an AFM image were used for the analysis. In the AFM
images presented here, the height of the DNA was measured to be
~0.5 nm, as expected from previous reports. Note that all DNA samples
on mica were kept in moisture-free conditions before AFM measure-
ments were made.
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