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ABSTRACT We prepared complexes of giant double-stranded DNA with cationic nanoparticles of 10–40 nm in diameter as an
artificial model of chromatin and characterized the properties of changes in their higher-order conformation. We measured the
changes in transcriptional activity that accompanied the DNA conformational transitions. Complete inhibition was found at
excess concentrations of nanoparticles. In contrast, at intermediate stages of DNA binding with nanoparticles, the transcription
activity of DNA survived, and this strongly depended on the size of the nanoparticles. For large nanoparticles of 40 nm, a
decrease in transcriptional activity can be caused by the addition of only a small amount of nanoparticles. On the other hand,
there was almost no inhibition of DNA transcriptional activity with the addition of small nanoparticles (10 nm) until very high
concentrations, even under conditions that induced DNA compaction as revealed by single-DNA observation. At higher con-
centrations of 10-nm nanoparticles, DNA transcription activity decreased abruptly until it was completely inhibited. These results
are discussed in relation to the actual size of the histone core, together with the mechanism of switching of transcriptional ac-
tivity in eukaryotic cells.

INTRODUCTION

Recently, nanoparticles have attracted growing attention for

their use in gene delivery and are currently considered to be

prospective future vectors for biological and biomedical ap-

plications, including the transfection and transcription of

genetic information (1–6). Studies on the fundamental char-

acteristics of such systems are currently quite important and

should provide valuable information for the further devel-

opment of these applications. On the other hand, DNA-

nanoparticle complexes are potential candidates for the

biomimetic modeling of chromatin-like structures at differ-

ent levels of organization, such as a ‘‘beads-on-a-string’’

structure and closed chromatin fibers.

Very recently, we reported a system which consists of a

long T4 bacteriophage DNA chain associated with positively

charged nanoparticles (7). Such DNA-nanoparticle com-

plexes resemble natural DNA-histone complexes in many

respects. In particular, ‘‘DNA condensation’’ with cationic

nanoparticles is optimal at physiological salt conditions

(0.1–0.5 M) and compaction of DNA can be realized by the

wrapping of chains around nanoparticles. The biological

relevance and functional biomimetism of this system is of

great significance. As a next step, it is important to inves-

tigate the biological activity of long DNA incorporated into

complexes with cationic nanoparticles, and in this study we

examined the transcriptional activity of DNA upon binding

with cationic nanoparticles. We showed how the compaction

of giant bacteriophage DNAs (48 and 166 kbp) by nano-

particles of 10–40-nm sizes influences the transcriptional

activity of DNA at the level of the molecular ensemble of

DNA, as well as at the level of single DNA molecules. We

have found that the transcriptional activity of DNA in DNA-

nanoparticle complexes depends on the concentration and

size of these particles, which suggests that different mecha-

nisms for the inhibition of DNA transcription can be realized

depending on the size of the interacting nanoparticles.

METHODS AND MATERIALS

Nanoparticles were prepared by the adsorption of poly(L-lysine) (molecular

weight 30,000–70,000) that had been previously labeled by the modification

of amino groups by the fluorescent dye Rhodamine Red X (Molecular

Probes, Eugene, OR; adsorption and emission maxima 570/590 nm) on sil-

ica nanoparticles (Nissan Chemicals, Tokyo, Japan, Organoxasol series). We

used three sets of nanoparticles with different sizes: S (10 nm), M (15 nm),

and L (40 nm). The nanoparticles are similar to those used in our previous

study (7).

Measurement of transcriptional activity

The transcriptional activity of bacteriophage T4 DNA (T4GT7 DNA, Wako,

Nippon Gene, 166 kbp) was evaluated using an experimental protocol

similar to that described previously (8). Transcription was performed in

a solution containing 10 mM Tris-HCl buffer, 100 mM KCl, 5 mM MgCl2,

0.1 mM adenosine triphosphate (ATP), cytidine triphosphate (CTP), and

guanosine triphosphate (GTP), 0.01 mM g-AmNS uridine triphosphate

(UTP) (Molecular Probes, absorption/emission maxima;330/463 nm), and

2 mM dithiothreitol. The DNA concentration was adjusted to be as low as pos-

sible (0.03 ng/100 ml). A variable concentration of nanoparticles was added,

and samples were gently mixed before the addition of 1 U Escherichia coli

RNA polymerase. These mixtures were then incubated at 37�C for 2 h.

During RNA polymerization, the AmNS group is released in the bulk and

becomes fluorescent. The final intensity of fluorescence is proportional to the

amount of RNA polymerized and was measured in arbitrary units at 475 nm

using a spectrofluorimeter.
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Compaction curves

Compaction curves were recorded in the same solutions as used for the mea-

surement of transcriptional activity with the addition of the fluorescent dye

DAPI (49,6-diamidino-2-phenylindole; 0.1 mM) for DNA visualization.

Single-molecule observations

Reaction solutions of 40 mL containing 0.5 mM of ATP, CTP, GTP, 0.4 mM

uridine 59-triphosphate (UTP), 1 mM Chromatide Alexa Fluor 488-5-UTP

(Molecular Probes; adsorption/emission maxima 495/519 nm), T7 transcrip-

tion buffer provided with the polymerase kit, 1 mL DAPI (10 mM, Abs/Em

350/420 nm), and 10 ng l ZAP II DNA (40 kbp, Stratagene) were prepared

andmixed before the addition of variable concentrations of nanoparticles, and

1 U of T7 RNA polymerase (Invitrogen, Carlsbad, CA). Samples were

incubated at 37�C for 2.5 h. Before microscopic observations, samples were

stained again with 1 mL DAPI (10 mM) and observed by a Zeiss Axiovert

(Jena, Germany) 135 television (TV) microscope equipped with a 1003 oil-

immersed lens and recorded on S-VHS (super-video home system) video-

tapes through a Hamamatsu (Hamamatsu, Japan) silicon intensifier target TV

camera. For the observation of T4 DNA and nanoparticles, three different

filters (Zeiss, Filter sets Nos. 2, 10, and 15) were used.

RESULTS AND DISCUSSION

Compaction of T4 DNA by cationic nanoparticles
of different sizes

First, we observed the conformational behavior of fluores-

cence-labeled giant T4 DNA in solutions with different

amounts of nanoparticles by fluorescent microscopy. Cat-

ionic nanoparticles with average sizes of 10 nm (S), 15 nm

(M), and 40 nm (L) were examined with regard to the ef-

ficiency of DNA compaction. Fig. 1 shows the change in the

conformation state of giant T4 DNA with the addition of

cationic nanoparticles of 40 nm (L) to DNA solution. In the

absence of nanoparticles, DNA moves freely in solution and

shows translational Brownian motion, as shown in Fig. 1 A.
With the addition of nanoparticles, DNA coils gradually

decrease in size (Fig. 1, B and C) and intrachain fluctuations

finally disappear, indicating that DNA adopts a compact state

(Fig. 1, D and E). At L-nanoparticle concentrations higher

than 1 3 10�3 wt %, all of the individual DNA chains in

solution became associated with nanoparticles to form

condensates. A similar decrease in the effective molecular

volume of DNA and successive compaction was observed

when smaller M and S nanoparticles were added to DNA.

Fig. 2 A shows DNA compaction curves with L, M, and S

nanoparticles based on the results of fluorescent microscopy

observations. Each compaction curve shows the change in

the conformation of DNA with the addition of nanoparticles

in terms of the percentage of completely compacted DNA

chains (as shown in Fig. 1, D or E) in the analyzed ensemble

of DNA chains. Although such DNA compaction curves

show the population of final compact DNA complexes, the

interaction between DNA and nanoparticles starts earlier and

is observed as a decrease in DNA coil size. Electrostatic in-

teraction between the negatively charged phosphate groups

of DNA and the positively charged amino groups of nano-

particle surfaces leads to the formation of polymer-colloid

complexes between DNA and nanoparticles. Although all of

the nanoparticles induce a transition in the DNA conforma-

tion into a compact form (Fig. 2 A), the concentration regimes

of these transitions depend on the size of the nanoparticles.

In good agreement with previous observations (7), the com-

paction potential of large (L) nanoparticles is the highest,

after the weight concentration of nanoparticles is normalized

by the available nanoparticle cationic surface area. Thus, L

particles are more effective in terms of the charge ratio be-

tween DNA and nanoparticle ionogenic groups, since at the

same weight concentrations, L particles have a smaller sur-

face than M particles with a similar surface density. The

smallest S nanoparticles are the least effective for DNA

compaction. The effect of nanoparticle size on the efficiency

of DNA compaction has been discussed in another article

FIGURE 1 Fluorescence microscopic

observation of the Brownian motion

of single T4 DNA molecules at differ-

ent concentrations of L nanoparticles

observed in a solution of transcription

buffer and the fluorescent dye DAPI.

The nanoparticle concentration is 0 M

(A), 1 3 10�4 wt % (B), 2.5 3 10�4

wt % (C), 5 3 10�4 wt % (D), and

1 3 10�3 wt % (E). The interval be-

tween frames is 0.4 s. The last column

shows quasi-three-dimensional (3D)

profiles of fluorescence for DNA at

different degrees of DNA compaction

by L nanoparticles derived from the

first fluorescent images in the time

sequences on the right.
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(7). Briefly, the lower DNA compaction efficiency of smaller

nanoparticles is attributed to different mechanisms of DNA

chain complexation with nanospheres: the adsorption of

DNA on L nanoparticles, the wrapping of DNA around M

nanoparticles, and the decorating of DNA chains by S nano-

particles as a result of correlation between the DNA per-

sistence length and nanoparticle sizes.

Changes in DNA transcriptional activity in
complexes with cationic nanoparticles

The results of fluorescence spectroscopymeasurements of the

transcriptional activity of T4 DNA in complexes with L, M,

andS nanoparticles of different concentrations under the same

experimental conditions as used for fluorescent microscopy

(FM) observations are shown in Fig. 2 B. The transcriptional
activity of T4 DNA was evaluated by a fluorescent method

described previously, which is based on measurements of

changes in aminonaphthalenesulfonate fluorescence, attached

to the terminal group of UTP, upon its release into bulk

solution during RNA polymerization. Regardless of the size

of the nanoparticles, the transcriptional activity of T4 DNA

decreases with the addition of nanoparticles, and at a certain

concentration of nanoparticles transcription is completely

inhibited. Fig. 2 B shows that all of the transcription curves

have three distinct regions. In the first region, transcriptional

activity is almost preserved or only very slightly decreased. In

the second region, a decrease of transcriptional activity is

observed, and in the third region transcription is completely

inhibited (zero fluorescence intensity). When we compare

Fig. 2 A and Fig. 2 B, there is a direct correlation between the
concentration regimes in DNA compaction by L, M, and

S nanoparticles and those in DNA transcription experiments.

Concentrations of L and M particles to induce DNA compac-

tion are very similar, and inhibition ofDNA transcription by L

and M nanoparticles also occur at very similar weight

concentrations. In contrast, DNA compaction and transcrip-

tion activity inhibition require ;10 times higher concentra-

tions of S nanoparticles than L or M.

If we compare the concentrations at which DNA com-

paction and the inhibition of DNA transcriptional activity

occur (Fig. 2, A and B), in the case of L and M particles these

concentrations are quite close and the major decrease in

DNA transcriptional activity is a result of DNA compaction

into final condensates. It should be emphasized again that

although DNA compaction curves show the formation of the

final compact state of DNA (i.e., compact DNA complexes

without an unfolded DNA chain), the complexation of DNA

with nanoparticles begins at much lower concentrations of

nanoparticles. Therefore, these results indicate that the in-

hibition of DNA transcriptional activity begins at concen-

trations at which a large number of nanoparticles interact

with the DNA scaffold. Further important conclusions can be

made by analyzing the shape of transcription curves and the

concentrations at which DNA transcription activity is in-

hibited in relation to DNA compaction. It has been confirmed

that final condensates of long T4 DNA and nanoparticles

contain different numbers of nanoparticles as determined

by the nanoparticle size and the flexibility of DNA chains

under particular experimental conditions. When DNA is

compacted with L nanoparticles, the final DNA-nanoparticle

condensates contain several tens of L nanoparticles per T4

DNA chain; in the case of M nanoparticles, there are more

than 100 M nanoparticles per DNA chain, and over 1000 S

nanoparticles are associated with a single DNA in a final

compact complex. Taking into account the large number of

nanoparticles in final DNA complexes, it becomes clear that

significant inhibition is achieved only when DNA molecules

FIGURE 2 (A) Proportion of fully compact DNA Fc as a

function of the nanoparticle concentration for L (red), M

(green), and S (blue) nanoparticles. T4 DNA (13 10�6 M)

labeled with the fluorescent dye DAPI (13 10�7 M) in the

transcription buffer was used for observations. (B) Fluo-

rescence intensity of aminonaphthalenesulfonate depend-

ing on the nanoparticle concentration: L (red), M (green),

and S (blue) nanoparticles. The shaded region in A and

B shows the S nanoparticles concentration ranges of

changes in the conformation of DNA and changes in DNA

transcriptional activity for comparison. (C) Dependence of

transcriptional activity of T4 DNA in complexes with

cationic nanoparticles on the degree of DNA compaction.
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are loaded to a high extent with nanoparticles (Different

DNA molecules in ensemble are evenly loaded with nano-

particles according to our transmission electron microscopy

(TEM) observations). Fig. 2 B shows that if the nanoparticles

are large (L), even small amounts of nanoparticles inhibit the

transcriptional potential of DNA. The steeper slope of the

transcription activity curve for S nanoparticles indicates that

the inhibition of DNA transcriptional activity is an abrupt

process and occurs only at the final stages of DNA com-

plexation with nanoparticles.

The presence of a plateau in the transcription curves in-

dicates that there is a threshold of DNA loading by nanopar-

ticles for the initiation of a notable decrease in transcription

activity. In the same way as described above, the inhibition

of DNA transcriptional activity by L particles begins with the

addition of the first L nanoparticles, i.e., at concentrations

;30 times smaller than the final nanoparticle concentration

necessary for complete DNA compaction. In contrast, the

plateau in the transcription curve for S nanoparticles is very

long and shows a very steep final inhibition. There is an

;5-fold difference between the concentrations at which S

can initiate notable inhibition and completely inhibit DNA

transcription. The case with M nanoparticles lies between

those with L and S.

It is useful to represent DNA transcriptional activity as

a function of the degree of DNA compaction, as shown in

Fig. 2 C. These curves show that the formation of DNA

compact complexes with L or M particles almost completely

inhibits transcription activity, whereas the compaction of

DNA with S nanoparticles inhibits DNA transcriptional

activity only partly, and complete inhibition takes place at

higher concentrations of nanoparticles. Also note that the

inhibition of DNA transcription by L nanoparticles starts

earlier than with M nanoparticles.

Based on the parallel FM and fluorescent spectroscopy

observations, an important conclusion is the ability of long

DNA to remain biologically active even when it is com-

plexed with a large number of cationic nanospheres, and thus

compacted. This preservation of DNA transcription activity

is especially remarkable for S nanoparticles.

Single-molecule observation of DNA transcription
in complexes with nanoparticles

In this study, we also sought to independently determine the

correspondence between the degree of DNA compaction and

DNA transcriptional activity at the level of single DNA

molecules. We performed another set of fluorescent micros-

copy observations to find the correlation between the con-

formational state of DNA, the degree of DNA complexation

with nanoparticles, and the amount of transcribed RNA. For

these experiments, we used another giant DNA, l ZAPII,

which has a specific T7 promoter at approximately the center

of the DNA chain. To monitor RNA production, Alexa Fluor-

labeled UTP was added to the conventional transcription

buffer. Upon transcription, Alexa-UTP is polymerized into

final RNA, which makes possible fluorescent observation of

the transcription product at high degrees of polymerization.

Therefore, three components of our system—DNA, nano-

particles, and transcribed RNA, each labeled with distinct

fluorescent dyes—can be monitored simultaneously by using

three different fluorescent filters (see Methods and Mate-

rials), which will be referred to as the DNA filter, RNA filter,

and nanoparticle filter, respectively.

The change in the long-axis length of l-DNA at different

concentrations of added S nanoparticles is illustrated in

Fig. 3. As with changes in the conformation of T4 DNA, the

addition of S nanoparticles to a solution of l-DNA leads to

gradual shrinking of the DNA image and the continuous

compaction of DNA coils into globules (Fig. 4 E) at an S

concentration of 0.01 wt %, after which no further changes

in the size of DNA are detected. A similar change in DNA

conformation can be observed with M and L nanoparticles.

In bulk experiments, no information about RNA tran-

scription can be obtained due to the small size and compara-

tively low fluorescence signal from the RNA chain involved

FIGURE 3 Change in the average long-axis length of

l-DNA as a function of the concentration of S nanoparticles,

deduced from single-DNA observation by fluorescence

microscopy. At least 100 DNA molecules were analyzed

for each concentration of nanoparticles. Images on the

right are quasi-3D profiles of fluorescence for DNA at

different degrees of DNA compaction by L nanoparticles

derived from the first fluorescent images in time sequences

on the right.

DNA Transcription in DNA-NP Complexes 1321

Biophysical Journal 92(4) 1318–1325



in Brownian motion. Fluorescence from nanoparticles is

observed at later stages of DNA chain compaction (0.005 wt %

of S in the observations described above), which highlights

the fluorescent profile from DNA chains labeled with DAPI.

A stretching operation to deposit RNA molecules on glass is

essential for the successful observation of both DNA and

RNA fluorescent images. We performed stretching on a

droplet of sample solution used for bulk experiments (Figs. 4

and 5). In a solution without nanoparticles we observed

stretched l-DNA molecules as shown in Fig. 4 A through the

DNA filter. On most DNA molecules, bright spots were

found, which are indicated by numbers. The location of these

dots on DNA chains is arbitrary. Bright spots as shown in

Fig. 4 A (the third pair of images) were also observed

coexisting with stretched l-DNA molecules. The number of

such free dots is dependent on the time of transcription.

Fig. 4 A (left column, blue color images) shows the corre-

sponding fluorescent images observed with the RNA filter,

and it is possible to make a correspondence between the

location of bright spots on the DNA and RNA molecules.

We found that all of the fluorescent dots of RNA correspond

to the dots on DNA and in a free state as observed through

the DNA filter. This may be the result of DAPI labeling of

RNA molecules. Finally, we made a control observation

through the nanoparticle filter to confirm that no fluorescent

objects were observed in nanoparticle-free solution.

Further experiments were performed with the addition of

S nanoparticles to l-DNA without changes in other exper-

imental parameters. Fig. 4 B illustrates single-molecule

fluorescent observations performed at 2.5 3 10�3 wt % of S

nanoparticles, which corresponds to the partially shrunken

DNA coils in bulk experiments. At this concentration, fluo-

rescent images observed through the DNA filter were similar

to those in a free DNA sample: unfolded DNA chains with

dots as well as free dots (Fig. 4 B). However, an important

difference was the shorter length of stretched DNA, probably

as a result of complexation with S nanoparticles. Through the

RNA filter we observed RNA dots, which, as described

above, highlighted dots observed through the DNA filter.

Slightly fewer RNA dots were observed compared to the

number of RNA fluorescent dots observed in the experiment

with uncomplexed DNA. At this concentration of S nano-

particles, fluorescent images were still not observed through

the nanoparticle filter due to low fluorescence from individ-

ual small nanoparticles and comparatively low loading of the

DNA chain with the nanoparticles. A further increase in the

nanoparticle concentration induces DNA shrinking and a

decrease in the number of observed RNA fluorescent dots.

Finally, at an S concentration of 7.5 3 10�3 wt %, DNA

was completely compacted and through the DNA filter we

observed only globules, as shown in Fig. 4 C. Fig. 4 C also

shows corresponding fluorescent images observed using the

nanoparticle filter and corresponds to the fluorescent profile

FIGURE 4 Fluorescent images (false color)

of l-DNA in the absence (A) and presence of

different amounts of S nanoparticles ((B) 2.53
10�3 wt % and (C) 7.5 3 10�3 wt %) as

observed through different fluorescent filters to

visualize DNA and RNA transcripts separately.

Pairs of images correspond to the same obser-

vation area. The names of columns, ‘‘DNA’’,

‘‘RNA’’, and ‘‘NP’’, indicate the type of fluo-

rescent filter used and do not necessarily refer

to the object observed in the actual experiment.

FIGURE 5 Electron microscopic observation, TEM, of T4 DNA com-

plexes with L, M, and S nanoparticles and schematic representations of the

complexes.
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from nanoparticles. All of the observed DNA globules have a

corresponding signal from nanoparticles, indicating that DNA

has been compacted due to complexation with nanoparticles.

When DNA is compact, no corresponding RNA dot signal

was found using the RNA filter. However, our spectroscopic

measurements indicate significant RNA production even

when DNA is compacted at this concentration. Although we

did not observe RNA as fluorescent dots under conditions in

which DNA was compacted, it is possible that transcription

is not inhibited, but the products of such transcription, which

can be shorter RNA molecules, may be difficult to monitor

under the present conditions due to signal limitations.

DISCUSSION

Our past studies on the correlation between the conforma-

tional state of DNA and biological activity in DNA com-

paction by multivalent cations showed that the compaction

of long DNA into an ordered and dense state by the poly-

amine spermine (31) results in the complete inhibition of

DNA transcription activity (9,10). Such inhibition proceeds

in an all-or-none manner, which reflects the fact that DNA

compaction with multications is a first-order phase transition.

Whereas DNA compaction by multications leads to ex-

tremely tight packaging, similar to DNA packaging in bac-

teriophages (11), a completely different scenario is realized

in eukaryotic cells, including human cells, where histone

octamers and other cationic scaffolds provide hierarchic

compaction of DNA chains into chromatin (12). The cationic

nanoparticles used for our study are primitive analogs of

histone core particles and, thus, the whole system which

includes long DNA and nanoparticles allows us to gain

deeper insight into the biological functionality of DNA

during chromatin-like compaction in a model system. There

have been several reports on DNA complexation with cat-

ionic nanoparticles with regard to DNA transcriptional activ-

ity, and it has been demonstrated that DNA transcriptional

activity is inhibited upon complexation with nanoparticles

(13), but no systematic study has been performed.

Based on experiments on natural systems, it is well known

that there is a correlation between the transcriptional activity

of DNA in complexes with histones and the degree of

acetylation of histones (14). For example, binding of DNA

with nonacetylated histones leads to the complete inhibition

of DNA transcriptional activity (15–17). The first model

of histone octamers was realized by cationic dendrimers—

spherical macrocations that measure from a few to ;10

nanometers. An analysis of changes in the transcriptional

activity of DNA upon DNA complexation with dendrimers

revealed that DNA transcriptional activity is completely

inhibited with the addition of dendrimers (18). The inves-

tigation of DNA binding with dendrimers of different sizes

demonstrated that the complexes formed with either larger or

smaller dendrimers at the same charge ratios inhibited DNA

transcriptional activity equally. In contrast, in our study we

found that such inhibition depends on the nanoparticle size

and that larger nanoparticles more significantly inhibit DNA

compaction activity.

The difference between nanoparticles with regard to their

ability to inhibit transcription is related to the mechanism of

nanoparticle interaction with DNA. Since the long chain of

double-stranded DNA is a semiflexible polyelectrolyte, the

correlation between the persistence length of DNA and the

size of nanoparticles leads to different scenarios of DNA

chain arrangement on the surface of a nanoparticle. Two

different models of DNA complexation can be suggested for

L, M, and S nanoparticles. Since L nanoparticles are large

enough, DNA chains adsorb freely and, due to a large num-

ber of salt bonds, irreversibly, on the surface of nano-

particles. In contrast, the size of S nanoparticles does not

allow DNA chains to adsorb or even wrap around a 10-nm

nanosphere, and thus the only possible manner of complex-

ation is the adsorption of nanoparticles on a DNA chain.

Transmission electron micrographs of complex fragments,

where DNA is complexed with L, M, and S nanoparticles,

are shown in Fig. 5 together with schematic illustrations of

complex models. If nanoparticles are large, e.g., L nano-

particles (Fig. 5 L), a large amount of the DNA chain is

adsorbed on the surface of cationic nanoparticles and such

complexation suggests strong and almost irreversible ad-

sorption of a DNA chain on the nanoparticle surface. Such

interaction is expected, in turn, to inhibit polymerase activity

if a promoter site is located on an adsorbed part of a DNA

chain or, when a promoter site is still available, to impede the

slipping of polymerase along a DNA chain. Due to the

intrinsic rigidity of DNA, a decrease in the nanoparticle size

down to 15 nm (M) prevents the free adsorption of double-

stranded DNA on M nanoparticles and DNA can only wrap

around such nanoparticles, as shown in Fig. 5 M. Further-

more, the interaction of DNA with the smallest nanoparticles

(S) can proceed only by the collection of nanoparticles on a

DNA chain as shown in Fig. 5 S. This interaction suggests

that the binding of DNA to S nanoparticles is reversible

because no wrapping occurs and there are only a few binding

sites. In this scenario, S nanoparticles can slip along DNA or

dissociate, which makes the whole DNA chain accessible for

polymerase functioning. The inhibition of transcription by S

nanoparticles occurs at a final stage, when many S particles

in a complex with DNA form a strong compact complex with

large networks of bonds. In a recent report (19), it was

suggested that if polymerase anchors to DNA, it can displace

nanoparticles from the DNA surface during transcription.

Since the nanoparticles used in this study were small, below

10 nm, we believe that such a mechanism is also realized at

earlier stages of DNA interaction with S nanoparticles. M

nanoparticles interact with DNA by wrapping the DNA

double helix and in this scenario, which is very similar to the

natural DNA-histone system, DNA is expected to be

accessible to polymerase at intermediate stages of compac-

tion (similar to a ‘‘beads-on-a-string’’ structure). According
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to the results with a natural DNA-histone complex, 1.75-fold

wrapping of a DNA chain around 7-nm histone proteins is

reversible and well-known processes such as histone sliding

(20) or unwrapping of either of the two DNA turns (21) are

important mechanisms that provide access to DNA for

reading genetic information. In this study, we found that M

and, to a greater extent, S nanoparticles are different from L

nanoparticles with regard to the length of the plateau in the

transcription curve, where no inhibition occurs. This indi-

cates that the DNA chain is more accessible in complexes

with S and M nanoparticles than with L nanoparticles.

The scenarios that have been suggested for the movement

of DNA polymerase along DNA for different nanoparticles

are shown in Fig. 6. The complexation of DNA with large

nanoparticles such as L inhibits the movement of polymerase

because such complexation is very strong. M nanoparticles,

which are wrapped by DNA, can slip along a DNA chain as

in natural systems and thus provide a mechanism for the

movement of polymerase. However, at higher degrees of

DNA loading with particles, this motion may be inhibited, as

in the case of L particles. This difference between L and M

nanoparticles is supported by higher degrees of DNA

compaction with M particles when transcription becomes

inhibited than with L particles. On the other hand, the low

binding constants for S nanoparticles with DNA allow

polymerase motion and functioning until very high degrees

of DNA complexation with nanoparticles, after which abrupt

inhibition occurs. In addition, it should be mentioned that

this model should also consider steric hindrance of poly-

merase positioning on DNA by bound nanoparticles as well

as the appearance of certain steric obstacles for transcription

processes when the molecular density of the DNA coil

significantly decreases upon loading with nanoparticles.

Our model allows for simple numerical comparison of a

mechanical work made by polymerase during motion along

DNA by the distance equivalent to one nucleotide (elemen-

tary length of polymerase motion) and electrostatic contri-

bution of the free energy of DNA interaction with nanoparticles

having different sizes. With the help of single molecule force

measurements it was found that ;2.5 kT energy is used for

polymerase motion by one nucleotide; however the energy

from a nucleoside triphosphate (NTP) hydrolysis reaction,

which moves polymerase, is much higher, 12 kT, and thus

the efficacy of polymerase is;20%. (22) On the other hand,

electrostatic contribution to the free energy for each bond of

DNA with an interacting polycation was estimated as 2 kT

(23) (this value is probably overestimated). The number of

cationic bonds can be estimated according to the charge

density on NP (;1 e/nm2), size of nanoparticles (NP), and

mode of interaction. According to our model (Fig. 6), there

are two possibilities for how particle can be displaced from

the certain binding site on DNA by polymerase: dissociation

of the nanoparticle from DNA or slipping of the NP along

DNA. Due to nonwrapping mechanisms of interaction and

small size, S nanoparticles interact with DNA forming only a

few bonds, therefore, both slipping of particle along DNA

and complete dissociation from DNA are possible when

polymerase moves from the balance of polymerase work and

electrostatic energy of DNA-NP interaction. Dissociation of

M nanoparticles from DNA is certainly impossible because

the number of bonds formed by DNA with M nanoparticle

(calculated for one full DNA turn around the nanoparticle

and a 15-nm average size) is ;50, and the corresponding

electrostatic interaction is very high. However, the slipping

of particle by simple repetitive dissociation of an ionic bond

at the nearest location to the moving polymerase and

formation of a new bond at the other end of the outgoing

chain of DNA requires only 2 kT to maintain such a slipping.

A similar slipping phenomenon takes place in vivo (24), and

it was also confirmed by computer simulations (25). How-

ever, in the case of a sequence of DNA-wrapped particles on

the DNA chain, this slipping activation energy should be

multiplied by the number of particles in the sequence,

suggesting that the sequence of several M particles should

finally prevent polymerase from the motion. In the case of L

nanoparticles, where the above-mentioned slipping is not

possible due to the formation of a large number of salt bonds

between DNA and the nanoparticle, neither of the mecha-

nisms can be realized.

It is interesting to compare the changes in the transcrip-

tional activity of DNA upon complexation with nanoparticles

and the recently reported changes in DNA transcriptional

activity upon condensation by low-molecular-weight multi-

valent cations such as spermine (8). When DNA interacts

with spermine, as a result of the first-order phase transition of

a long DNA chain from an elongated into a compact state,

DNA undergoes on/off switching of transcriptional activity.

Another important feature of this change in transcriptional

activity is the increase in transcription at the earlier stages of

DNA compaction by spermine and the abrupt disappearance

of DNA transcription activity when DNA is compacted into

globules. In contrast, when DNA is compacted with nano-

particles, we observed progressive loading of DNA chains

with cationic nanoparticles, and this system did not show

either an increase in the rate of transcription at earlier stages

or a rapid disappearance of transcription. In contrast, when

nanoparticles were added to the DNA chain, DNA transcription

activity gradually decreased. Since in DNA compaction by

FIGURE 6 Schematic representations of three scenarios for the move-

ment of DNA polymerase (orange oval) along a DNA chain complexed with

nanoparticles of different sizes.
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multications the compaction of DNA is accompanied by the

total inhibition of DNA transcriptional activity, this differ-

ence is of particular interest for applications that require the

compaction of DNA chains while preserving their biological

functions.

The change in the transcriptional activity of DNA upon

interaction with dendrimers (18) resembles the change in

DNA transcription upon binding with multivalent cations

such as spermine (8,9), i.e., it first increases and then de-

creases until it is completely inhibited. In contrast, DNA

interaction with cationic nanoparticles and the manner of

transcriptional activity inhibition observed in this study re-

semble the change in DNA transcriptional activity when DNA

interacts with histones, where no initial increase is observed.

CONCLUSION

Changes in the transcriptional activity of giant DNA chains

with the addition of cationic nanoparticles that measure 10–

40 nm indicated that the transcriptional activity of DNA can

be significantly preserved even when DNA chains are com-

pacted as a result of interaction with cationic nanospheres. At

high concentrations of nanoparticles, DNA transcriptional

activity is completely inhibited. Larger nanoparticles showed

more effective inhibition than smaller nanoparticles at lower

DNA loading ratios. The ability of DNA-nanoparticle com-

plexes, especially with small nanoparticles, to retain signif-

icant biological (transcriptional) activity upon compaction

by cationic nanoparticles, as primitive models of histones, is

an important step toward creating biomimetic structures of

open chromatin. Our findings are expected to contribute to

the modeling and preparation of new DNA vectors to con-

struct complexes where DNA preserves significant biolog-

ical activity even in a compact form.
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