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The materials chemistry and physics of block copolymer
supramolecular assembly continue to receive considerable
attention in the construction of higher-ordered architectures
with unique morphologies and functions.[1–10] Of particular
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interest is the exploitation of the spatial order intrinsic to
block copolymers for the amplification or modulation of
molecular recognition processes by using integrated multisite
interactions as well as a distinct spatial matching. Herein we
report an unprecedented finding that DNA supramolecular
assembly with the synthetic block copolymer poly(ethylene
glycol)-b-poly(l-lysine) (PEG-PLL)[6, 11–14] modulates super-
coiled plasmid DNA into a particular structure. The incorpo-
rated DNA within the assembly is cleaved into seven distinct
regular fragments by S1 nuclease, an enzyme known to cleave
single-stranded DNA. The seven characteristic DNA frag-
ments were of well-defined molecular sizes; in each case these
were 10/12, 9/12, 8/12, 6/12, 4/12, 3/12, and 2/12 of the original
plasmid length (Figure 1). It is notable that the cleaved sites

are located just outside of protein-coding regions, a fact which
simultaneously indicates that the S1 nuclease cuts out genes
from DNA.

The block copolymer used in this study comprises a
cationic PLL segment, which is the plasmid-binding portion,
and a nonionic PEG segment, which forms a hydrophilic and
hydrated palisade surrounding the ion-paired complex
between PLL and plasmid DNA (see the Supporting Infor-
mation). This allows to obtain a water-soluble nanoscale
assembly (100-nm size) without precipitation. The size-
specific plasmid DNA cleavage by S1 nuclease was observed
at an acidic pH value of 4.9 for the complex, particularly in a
unit molar ratio (amino group/phosphate) of 1.0. As seen in
lane 2 of Figure 1a, pBR322 DNA is cut into seven distinct
fragments (as listed in Figure 1b). This regular fragmentation
was not specific only for pBR322 but seems common for other
plasmids. Surprisingly, the other plasmids, pGL3-Luc and
ColE1, when complexed with PEG-PLL, were also cut into
seven fragments of the same fractions when measured against
each original plasmid (Figure 1a, lanes 3 and 4, and Fig-
ure 1b). The consistency of the fragmentation results clearly
indicates the systematic cleavage of plasmid DNA at well-
defined intervals. It should be noted that this regular cleavage

of plasmid DNA complexed with PEG-PLL is only observed
for the supercoiled DNA form. Relaxed open circular DNA,
prepared by treatment with topoisomerase I, also formed
stable complexes with PEG-PLL but exhibited no sensitivity
to S1 nuclease (data not shown). Additionally, a complex with
linear plasmid DNA, prepared by treatment with a restriction
enzyme (EcoRI) having a unique recognition site on the
plasmid, was smoothly degraded to oligo-DNA pieces in a
nonspecific manner (data not shown). The observed differ-
ences in S1 nuclease sensitivity to plasmid isomer constructs
suggest that topological features of the block copolymer–
DNA supramolecular complex influence the enzymatic
fragmentation process.

Polyion complex formation between DNA and cationic
compounds is known to induce a coil–
globule transition, thereby resulting in
condensed complexes with ordered mor-
phologies, mainly in toroidal or rod-like
forms.[14–18] Consistent with this, charge-
neutralizing DNA complexation with
PEG-PLL produces a detectable transition
from an expanded DNA superhelix into a
compact state, as confirmed by static and
dynamic light scattering[13] as well as by
direct observation with fluorescence micro-
scopy.[18] Although the structural details of
the condensed plasmid in this complex
have not yet been clarified, significant
structural features are probably present in
the supercoiled double-stranded DNA
upon polyion-induced condensation. Con-
strained structural order (or regular disor-
der) in the double-stranded DNA structure
might be regularly repeated in this polyion-
induced condensation process. This would
permit the DNA to adopt particular struc-

tures that compensate for the structural constraints accom-
panying conformation transitions during complexation. Con-
sequently, these specific disordered sites in the condensed
DNA strands may preferentially promote S1 nuclease attack,
thereby resulting in the observed regular DNA fragmenta-
tion.

Supercoiled DNA associated with poly(l-lysine) homo-
polymer with degrees of polymerization (DP) of 19 and 260
exhibited only nonspecific S1 nuclease degradation without
any ordered cleavage, as shown by a smeared electrophoresis
gel stain (data not shown). This indicates that polyion
complexation alone is not sufficient and that the PEG
segment in the block copolymer plays a crucial role in
regulating the nuclease sensitivity in addition to promoting
the complex solution stability. Inter- or intramolecular steric
repulsion of hydrated PEG segments may contribute to the
modulated structure of plasmid DNA.

The sensitivity of single-strand-cleavage endonucleases
like S1 nuclease against naked plasmid DNAs has been
investigated since the 1980s.[19–22] The naked DNAs are first
nicked and then linearized. The cleavage sites are cruciform
loops, which are adopted by short inverted repeat (palin-
drome) sequences in the topologically stressed double helix.

Figure 1. Regulated fragmentation of plasmid DNAs complexed with PEG-PLL by the
S1 nuclease: a) Gel electrophoresis results. Lane 1: marker DNA; lane 2: pBR322 (4363 bp);
lane 3: pGL3-Luc (5256 bp); lane 4: ColE1 (6646 bp). OC = relaxed open circular DNA,
Lnr= linearized DNA. b) Length of the obtained fragments and size ratio of them to the
native DNA. The size ratio of each fragment from three plasmid DNAs is represented as a
fraction in the right-hand column.
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Formation of the hairpin-loop structure relieves the topolog-
ical strain in double-stranded circular DNA molecules. These
inverted repeats, separated by nonrepetitious sections of
DNA, are specifically cleaved by single-strand-specific nucle-
ases at the center of each hairpin loop. Torsional stress of
negative supercoiling of plasmid DNA occasionally induces a
kink in the DNA strand with an acute angle. The high
susceptibility of palindrome sequences to S1 nuclease diges-
tion led us to assume that the regular fragmentation seen here
in the system with the PEG-PLL/plasmid DNA (pDNA)
complex might be a result of selective digestion at the
cruciform loop regularly induced in the condensed DNA
strands. To get an insight into this assumed mechanism,
inverted repeats larger than five continuous sequences are
picked up from three plasmids (pBR322, pGL3-Luc, and
ColE1) by using computer analysis.[23] Neighboring smaller
palindromes separated by one or two nonrepetitious sections
of DNA were also taken into consideration. It is to be
expected that hairpin stability will be directly proportional to
stem length but inversely proportional to loop length. The
inverted sequences were marked from four to one according

to the hairpin stability, as summarized in Figure 2a as a
function of base number. Obviously, there are quite a few
palindrome sequences. Denaturation of the DNA double
strand is necessary for transformation from the normal
interstrand base pairing to the intrastrand base pairing of
the cruciform structure. The binding energy of the A–T
(adenine–thymine) pair is lower than that of the G–C
(guanine–cytosine) pair, because two hydrogen bonds are
contributing to the pairing between A and T while three
contribute between G and C. Thus, the composition of A–T
pairs within the palindrome sequences was also examined
(Figure 2b). Refinement according to palindrome size and A–
T composition allowed the extraction of several sites as
candidates for S1 nuclease recognition; these are indicated as
dotted lines in Figure 2a and b and as slashes in the pDNA
maps (Figure 2d). By use of these refined sites, combinations
satisfying the regular fragments were surveyed by consider-
ation of fragment lengths, since two sites on the circular
plasmid DNA must be cleaved (for example, 3/12+9/12 = 12/
12). Consequently, combinations of cleavage sites yielding the
seven DNA sizes were acquired for all three plasmid DNAs

Figure 2. Palindrome maps and protein codes of the three plasmid DNAs pBR322 (left), pGL3-Luc (middle), and ColE1 (right). a) Cruciform stabil-
ity by the size of inverted repeats. Higher mark numbers indicate higher cruciform stability. b) Percentage A–T composition in the considered pal-
indrome sequences as a function of base number in the plasmid DNAs. Here, base 1 was defined as the recognition site of the EcoR1 restriction
enzyme. The dotted lines in panels (a) and (b) indicate refined digestion sites as evaluated from the panels. The combinations of cleavage sites
that satisfy the seven-piece fragmentation pattern are summarized in (c). Those evaluated cleavage sites are shown as arrows with capital letters
in panels (a) and (d); in addition, correlation between the protein-coding regions and proposed cleavage sites is shown in (d).
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(listed in Figure 2c) and those sites are indicated as arrows in
Figure 2a and d. The regular fragmentation can be explained
by assuming that the cruciform structures regularly induced in
the DNA by complexation with the PEG-PLL block copoly-
mer are digested by the single-strand-recognition endonu-
clease.

Obviously, development of the extruded cruciform struc-
ture requires definite stress. The cruciform formation in the
naked pDNA is known to be driven by the torsional stress of
negative supercoiling.[22] In the complex of pDNA with PEG-
PLL, the stress of condensation by the polycation further
amplified the torsional stress of the supercoiled conforma-
tion, so that the cruciform may be developed in multiple sites.
It should be noted that the charge ratio of 1.0 is indeed a
critical point in the pDNA transition from extended state to
condensed state. The ethidium bromide exclusion assay
showed an abrupt decrease in the relative fluorescence,
which indicates condensation of DNA molecules, at a charge
ratio range of around 1.0 (see the Supporting Information).
Additionally, the transition of DNA shape is confirmed by
direct observation with atomic force microscopy (Figure 3).
Apparently, complex shapes at the charge ratio of 1.0
comprise preferentially condensed rod and toroid conforma-
tions.

Furthermore, the potential cleavage site (palindrome site)
and protein-coding region have a very interesting correlation,
in that the former is located just outside of the latter, as can be
clearly seen in Figure 2d. It is worth mentioning that this is
commonly observed among the three examined plasmids.
This correlation is most distinctive in the ColE1 plasmid,
which has various protein codes (Figure 2d). The fact that the
selected inverted repeats are located just in the gap or at the
terminus of various coding regions suggests that the cruciform
structure may substantially contribute to the regulation of
gene expression[21] and is most likely to be a landmark for
DNA-binding proteins. It should be noted that hypersensi-
tivity of structured DNA to S1 nuclease has been observed in
regions of transcriptionally active genes in chromatin.[24]

DNA breakage by S1 nuclease is observed in apoptotic

cells[25] and also more in mitotic chromosomes than chromo-
somes in interphase cells.[26] This may be a reflection of the
differences of stress under such circumstances. The cruciform
structural motifs must be to regulate the binding of proteins,
nucleases, promoters, or transcription factors; the full func-
tion remains to be determined. Yet, the potential for design-
ing synthetic polymer constructs that reliably alter or mimic
these supramolecular structures or for imparting new features
of molecular recognition by using the materials of unconven-
tional biopolymer complexes, as demonstrated here, is excit-
ing.

In conclusion, we have demonstrated that the size-specific
cleavage of plasmid DNA by S1 nuclease can be mediated by
condensed complexes of plasmids with synthetic block
copolymers without any sequence-specific binding. The
recognition site is probably the cruciform structure induced
by DNA complexation with the block copolymer. This means
that DNA inherently retains sequences that can transform its
secondary structure by certain stimuli and the synthetic
polymer reveals the functional structure by complexation.
The observed unique sensitivity of PEG-PLL/pDNA com-
plexes to S1 nuclease should provide an insight into the
mechanisms of endogenous protein-induced modification of
DNA and into the design of artificial restriction enzymes and
gene-exploring systems through supramolecular assembly of
synthetic macromolecular materials.
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