COMMUNICATIONS

bond, indicated by the comparatively downfield shift (6=
8.11) of the amide N—H resonance was unambiguously
demonstrated by comparison of the amide N—H shifts in the
spectra (in CDCI;) of the carbamate 8 and the amine 9 when
the signal of the amide N—H appeared significantly shifted
upfield (Ao =1.61) after removal of the Boc unit. Besides the
main conformational population, VI NMR experiments
which showed a significant chemical-shift change (AS/AT=
—52 ppbK™!) gave evidence for a temperature dependant
coexistence of non-hydrogen bonded conformations,!'”! cor-
roborated by NOEs between H-3 and the carbamate N-H at
elevated temperature (330 K, CDCl;). The FT-infrared (IR)
spectrum displayed an extensive absorption at 3350 cm™!
characteristic for a hydrogen bonded amide and an absorption
at 3405 cm™! also indicating the coexistence of a solvent-
exposed amide.

In conclusion, a highly efficient proline-based type VI -
turn mimetic was designed employing the results of molecular
dynamics simulation. EPC synthesis involving Seebach’s self-
reproduction of chirality methodology and Grubbs’ ring-
closing olefin metathesis gave access to the novel molecular
scaffold.
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Atomic Force Microscope Studies on
Condensation of Plasmid DNA with
Functionalized Fullerenes**

Hiroyuki Isobe, Sho Sugiyama, Ken-ichi Fukui,
Yasuhiro Iwasawa, and Eiichi Nakamura*

A recent paper reported the first example of the use of a
carbon cluster as a vector to deliver DNA into mammalian
cells.[ 2 Thus, mixed with the tailor-made tetraminofullerene
1, a plasmid DNA forms micrometer-sized fullerene - DNA
particles as observed by optical microscope, which, after

incubation with the target cells, became located inside the
cytoplasm as phagocytes. Expression of the encoded gene
took place over several days, indicating that the plasmid DNA
was released into the cytoplasm without being damaged by
the fullerene complexation. Although these biological experi-
ments demonstrated the ability of the fullerene 1 to condense
and release DNA, the molecular nature of such reversible
DNA condensation remained unclear. We report herein the
results of atomic force microscope (AFM) studies® that
provided molecular-level information on the DNA condensa-
tion/release processes induced by fullerene vesicles. When
used in a small quantity, the fullerene 1 condenses a single
plasmid DNA into a 1-DNA complex. Upon further addition
of 1, many single-molecule DNA condensates gather together
to form the micrometer-sized fullerene—DNA particles
observed previously by optical microscopy. Release of the
DNA molecules from these large particles was achieved
experimentally by removal of the fullerene through CHCl,
extraction.

The interactions between the fullerene 1 and DNA were
probed for 4 kbp supercoiled plasmid DNA (pBR322). Thus,
we added an increasing amount of 1 to a pH 7.6 buffer solution
of pBR322 and plotted the amount of the DNA mobile on the
gel against the reagent/base pair ratio (R). As shown in
Figure 1 (solid line), there was observed precipitous decrease
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Figure 1. Amount of pBR322 plasmid DNA remaining in solution as
determined by gel electrophoresis (integrated optical density of fluores-
cence, solid line) and by CD spectra (molar ellipticity spectra at 260 nm,
broken line) in the presence of 1 at various R values. The y-axis (DNA) is
relative to the value obtained for R=0.

of the DNA mobile on the gel for R values between 0.5 and
1.8. With this latter ratio, no mobile DNA was detected on the
gel. Note that R=0.5 is the theoretical point of neutralization
of the DNA phosphate charges with the tetraminofullerene 1
at pH7. Although no further change was observed upon
addition (and removal) of EtOH (in which 1 does not
dissolve), we found that extraction of the mixture with CHCl;
results in the reappearance of about 70 % of the supercoiled
DNA on the gel. No DNA nicking was observed in the
recovered DNA. Since CHCI; freely dissolves the fullerene 1,
we conclude that DNA was released from the fullerene—
DNA precipitate as the fullerene was washed away. Thus,
the fullerene—DNA binding is not covalent. Note that the
one-handed analog 2, which binds to DNA very weakly,[!! did
not cause DNA precipitation even at R =2.6.5
Measurement of the CD spectra of the fullerene —-DNA
mixture (Figure2) afforded further information on the
complexation process. Thus, the molar ellipticity [6] at
260 nm starts to decrease at R ~ 0.4 and becomes nearly zero
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Figure 2. CD spectra of plasmid pBR322 DNA in the presence of 1 at R
values between 0—1. CD spectra were measured in a THF/Mg-HEPES
buffer (20% v/v, [bp] =100 um, pH 7.6). See Supporting Information for
details of the experimental procedure.

at R=1.0 (namely, loss of the DNA from solution). The [6]/R
plot (broken line) in Figure 1 is parallel to the result of the gel
experiment. The systematic difference between the two lines
can be ascribed to the electric field applied in the gel
electrophoresis, which will strip the positively charged full-
erene and the negatively charged DNA off from the full-
erene—DNA complex, thereby increasing the amount of
mobile DNA on the gel. More importantly, the plasmid DNA
in the soluble fraction, for which the AFM images in
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Figures 3¢ and 4d were obtained, exhibited CD spectra
characteristic of a B-helix (Figure 2).

Whereas the above experiments revealed only one phase
transition event for the R range between 2.5 x 10~* and 2.6,
AFM analysis of the same mixture revealed that more
complex events are taking place in the fullerene complexation
process (Figures 3 and 4). Upon dissolution in the buffer
solution, the fullerene 1 forms vesicles, which were observed
as numerous humps in a thin aqueous films on mica surface
(Figure 3a) as recently reported for an analogous water-
soluble fullerene.l* Each vesicle may contains several thou-
sand fullerene molecules.™! The solution of the intact DNA
used for the gel experiments revealed a large number of
overlapping molecules (Figure 3b), and a highly diluted
solution of the same DNA showed separated molecules
(Figure 4a).

A noteworthy AFM observation was made in the analysis
of the soluble fraction at R =0.65 (Figure 3¢), where neither
gel nor CD data suggested any change of the DNA structure.
When the mixture was spotted on a mica surface, the surface
was covered by numerous flat disks of rather narrow size
distribution. The smallest disks, which were the most abun-
dant, measured about 50 nm in diameter and 3 nm in thick-
ness with a calculated volume of 5 x 10° nm?®, which is only
25% larger than the volume of pBR322 DNA (4 x 10° nm?
when approximated as a rod). Unlike the fullerene vesicles,
which are soft and dome-shaped (Figure 3a and ref. [4a]), the
disks are rather flat and their top surface shows a fine
structure (Figure 4d). Beside the small disks, we also found
larger disks, which have the same thickness but are two or
three times larger in diameter than the smallest disks. Though
the large area of the mica surface was covered by the disks, we
found in some areas partially folded objects (Figures 3d, 4b,
and 4¢).[ In Figures 4b and 4 c, we can identify intact double
strands between the partially condensed parts. Taken together
with the volume and shape analysis of the disks (see below),
comparison of these objects (Figures4b and 4c) with the
intact DNA (Figure 4a) and the disks (Figure 4d) strongly
suggest that the smallest disk is a single DNA molecule
condensed through interaction with the fullerene. We there-
fore formulate the DNA folding process as the sequence of
Figures 4a —4b —4c—4d. Likewise, we consider that the
double- and triple-sized disks of are two- and three-molecular
condensates. The shape and the size distribution of the
fullerene— DNA condensates did not change over 24 h for
samples analyzed at several hour intervals.

When a smaller amount of 1 was used, we saw largely intact
DNA rather than the disks: When a larger amount of 1 was
added (R=2.6), we found that the fullerene-DNA disks
glued together to form a single-layer domain (Figure 3e).
Double and triple layers were also found. When the full-
erene — DNA mixture (R=2.6) was washed with EtOH, we
found an extremely small number of micrometer-sized
aggregates with a mesh structure (Figure 3 f). These objects
are similar in size to the smallest phagocytes that we found
inside the cells in the transfection experiments.[!

The above experiments indicated that the fullerene 1
condenses plasmid DNA into compactly folded single-DNA
disks, and then to multi-DNA objects as the amount of the
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Figure 3. AFM images (micrometer-scale areas) of aggregates of fullerene 1 (a), and pBR322 DNA in the absence (b) and presence (c—g) of 1 at various R
values. a) Vesicles of fullerene 1; b) intact multiple DNA molecules, R =0; c) disk-shaped DNA condensates, R=0.65; d) partially condensed DNA
molecules, R =0.65; e) multiple fullerene - DNA condensates, R =2.6 (bare mica surface is marked with x, a first layer of fullerene - DNA aggregates with y,
and a second layer with z); f) an EtOH-precipitated giant aggregate; g) multiple DNA molecules after CHCl; extraction. All scale bars 200 nm. See
Supporting Information for the detailed experimental procedure.
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Figure 4. AFM images (submicrometer scale) of pPBR322 DNA in the absence (a) and in the presence (b—d) of 1 at various R values. a) Intact DNA, R=0;
b) partially folded single DNA molecule, R =0.65; c) partially condensed DNA with unfolded double strands, R =0.65; d) fully condensed fullerene - DNA
disk, R=0.65. All scale bars 200 nm. Top views are given in black-and-white images. See Supporting Information for details of the experimental procedure.
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fullerene in solution increases. When the fullerene was
removed from the solution, we could release DNA out of
the condensate. Thus, when the fullerene in the R=2.6
mixture was extracted with CHCl;, AFM analysis of the
aqueous phase (the same sample used for the gel analysis in
Figure 1) largely showed individual DNA molecules together
with a small number of large aggregates surrounded by
numerous partially folded DNA molecules (Figure 3g). The
image in Figure 3 g resembles the classical picture of an E. coli
nucleus from which histone protein was washed away after
surfactant treatment.”

In summary, we have demonstrated that the fullerene 1 can
fold a supercoiled DNA molecule into a single-molecule
condensate through adhesion of DNA double strands. The
rough estimate indicated that the fullerene folds the DNA
with only a small increase of the volume of DNA. Such high
efficiency of histone-like activity is remarkable since natural
histone protein forms a chromatin structure with a volume
increasing of ten to hundred times that of DNA.Fl The
formation of disklike condensates composed of a single to a
few DNA molecules is unique among the cases of other DNA-
condensating agents based on lipid or dendrimers, which
create much larger and less structurally defined DNA
aggregates.”] In the light of remarkably high tendency of
water-soluble fullerene to form robust vesicles, the process
of fullerene— DNA condesation must involve collisions be-
tween a fullerene vesicle and a DNA molecule rather than a
molecule —molecule interaction. The condensation process is
largely kinetically controlled rather than thermodynamically
controlled, as is known generally for polyelectrolyte —surfac-
tant complexes.['”) We have found that the DNA condensation
is dependent on the concentration of the DNA-binding
fullerene. Translation of this observation into biology, we
can speculate that in the cytoplasm the ester linkage in the
fullerene 1 gradually yields to hydrolase activity,'] which will
detach the tetramino DNA binding sites from the fullerene
core and hence results in the release of DNA from the
aggregate. We are currently studying the structure activity
relationship in the fullerene-mediated transfection.
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Zero-Strain Intercalation Cathode for
Rechargeable Li-Ion Cell

Jaephil Cho, Yong Jeong Kim, Tae-Joon Kim,
and Byungwoo Park*

The market for Li-ion batteries is undergoing rapid
expansion, as portable electronic devices demand a higher
energy density and a better cycle life. Even though the
Li,_,CoO, cathode has been widely used in commercial Li-ion
batteries, electrochemical charge (Li de-intercalation) and
discharge (Li intercalation) produces a phase transition
accompanying nonuniform strain, which is closely related to
capacity fading.'*! This nonuniform dimensional change
induces a shearing stress within each particle, and conse-
quently fractures occur in most oxides.>*! Hence, a zero-strain
cathode material, the lattice constants of which do not change
during cycling, is ideal for a long operational lifetimes.5]
Here we report a zero-strain LiCoO, cathode material
produced by thin-film coating of high-fracture-toughness
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