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Abstract: Calix[n]arenes functionalized with guanidinium groups at the upper rim and alkyl chains at the
lower rim bind to DNA, condense it, and in some cases, promote cell transfection depending on their structure
and lipophilicity. Atomic force microscopy (AFM) studies indicate that upon DNA binding the hydrophobic
association of the lipophilic chains of cone guanidinium calix[4]arenes drives the formation of intramolecular
DNA condensates, characterized by DNA loops emerging from a dense core. Furthermore, hexyl and octyl
chains confer to these calixarenes cell transfection capabilities. Conversely, larger and conformationally
mobile calix[6]- and calix[8]arene methoxy derivatives form intermolecular aggregates characterized by
“gorgonlike” structures composed of multiple plectomenes. These adducts, in which interstrand connections
are dominated by electrostatic interactions, fail to promote cell transfection. Finally, calix[4]arenes in a
1,3-alternate conformation show an intermediate behavior because they condense DNA, but the process
is driven by charge—charge interactions.

Introduction is very well-known to bind small anionic substrafeand has
been incorporated into several synthetic receptors for this

purposéei! has been used for the recognition of (poly)nucleo-
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and nonviral vectors have been proposed, and the latter are lti'd:rsll dse\ll:/qgrep;ﬁtoe\/lv?lét.oIne;i\ga?;i;lstérthrirr?;tzn;?flizzgm b:r?:d
receiving more and more attention because of the concerns 9 P P 9
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associated with the use of recombinant viruses. Among the transfectiort

synthetic vectors, cationic lipidsgemini surfactant?d and other Weiezently reported me syng;esis gf cahll\le{renesé_?4Pr-
cationic polyelectrolites such as palyifsine)® polyethylen- cong 4G40ct-cong 6G6Me-mobile, and8G8Me-mobile (see

imines! and polyamine dendrimérhave been thoroughly inves- Chart 1) bearing guanidinium groups at the upper rim (aromatic

tigated. Quite recently, very promising neutral macrocyclic sugar rings) tqge;cher with very prehmmgry data on th?'r DNA binding
conjugates, known as glycocluster nanoparticles (GNPS), h‘,Jwepropertlesl. The results were particularly attractive because they

been shown to condense plasmid DNA thus mediating trans-

Gene therapy can be defined as the delivery of nucleic acids
to cells with a vector for some therapeutic purpd8ath viraP

fection of cells in vitro® Also, the guanidinium group, which
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Structure of the Guanidinium Calixarenes?

Chart 1.

+NH,

R = C;H,: 4G4Pr-cone
R = C¢H,;: 4G4Hex-cone
R = CgH,;: 4G40ct-cone

HN NH,

2| n3

Cl N,

4: 4G4Me-mobile
6: 6G6Me-mobile
8: 8G8Me-mobile

n
n
n

NH 2G40ct-cone: R'=H +NH,
4G4Pr-alt  * 3G40ct-cone: R =—N— cI”
A,

aTo facilitate the reader in identifying the structure of the calixarene
ligands, we introduced in the text the running nomenclat@nalk-conf
wheremG indicates the number of the guanidinium unitss the size of
the calixjn]arene (calix[4]-, -[6]-, or -[8]areneglk is the alkyl chain (methyl,
propyl, hexyl, octyl) at the lower rim ancbnf is the conformation assumed
by the macrocycle (cone, 1,3-alternate, mobife).

suggested the possibility of using these compounds as novel

cationic synthetic vectors for DNA. The high synthetic versatility

of the calixarene platform offers the unique opportunity of tuning
the DNA binding capability, by changing the number of charged
guanidinium groups at the upper rim, and the conformational
properties and lipophilicity of the vector, by changing the nature
and the length of the alkyl substituents on the phenolic OH
groups at the lower rim.

Therefore, we have synthesized new guanidinium calix[4]-
arenes 4G4Hex-cong 4G4Pr-alt, 4G4Me-mobile 2G40ct-
coneg and3G40ct-cone see Chart 1) and, together with the
above-mentioned derivatives, evaluated their DNA binding and
transfection properties using spectroscopic measurements, atomi
force microscopy (AFM) visualization, and transfection experi-
ments.

Results

Synthesis, Conformation, and Self-Aggregation of Guani-
dinium Calixarenes. Synthesis of th&lG4Hex-cong 4G4Pr-
alt, and4G4Me-mobilederivatives, functionalized at the upper
rim with four guanidinium groups, started from the teteat-
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Scheme 1 2

1a: R = hexyl; cone
1b: R = propyl; 1,3-ait
1¢: R = methyl; mobile

NBoc

BocN:

NHBoc

NBoc 2a: R'= NO,;R = hexyl; cone

42: R = hexyl 2b: R'= NO,;R = propyl; 1,3-alt
a: R = hexyl, cone 2c: R'= NO,;R = methyl; mobil

4b: R = propyl; 1,3-alt ¢ ;iR = methyl; mobile

4c: R = methyl; mobile 3a: R'= NH,;R = hexyl; cone

3b: R'= NH,;R = propyl; 1,3-alt

3c: R'= NH,;R = methyl; mobile

OR
OR RO
OR

HN\"/

+NH,

H
N

+
H2N=<

cl— NH,

>
4G4-Hex-cone: R = hexyl; cone
4G4-Pr-alt. R = propyl; 1,3-alt

NH 4G4-Me-mobile: R = methyl; mobile
>

cl=

a8 Reagents and conditions: (i) RI, NaH in DMF, rt (to obtain compounds
1a,c), or C3CO;z in CH3CN, reflux (to obtain compountdib); (i) NaNO3/
CRCOOH,; (jii) NH2NH2+H20, Pd/C (10%) in EtOH or in CEDCH,CH,OH,
reflux; (iv) Boc-NH-C(S)-NH-Boc, HgGlin DMF or Mukaiyama's reagent
in CHxCly; (v) concentrated HCI/1,4-dioxane.

butyl-calix[4]arene (Scheme 1) which was alkylated using
éstablished procedures to obtain the cone isofm} the
conformationally mobilel.c,'® and the 1,3-alternate calix[4]arene
1b.2° Subsequently, compounda—c were treated with NaN©
and CRCOOH to substitute théert-butyl with nitro groups
through aripso-nitration reaction2a,® 2b, and2c). Reduction

to the corresponding tetramino intermediaBag,?c was then
carried out, followed by reaction with di-Boc-protected thiourea
units in the presence of Mukaiyama’s reagéat, alternatively,
HgClL, which afforded compoundda—c. Removal of the
protecting groups gave tetraguanidinium macrocy4@gHex-
cone 4G4Pr-alt, and4G4Me-mobile
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1,3-Di- (2G40ctcong and triguanidiniumcalix[4]arenes Information, Figure S3) allowed us to evaluate a cmc of:2.0
(3G40ct-cone with octyl chains at the lower rim, both blocked 1074 M for this aggregated species in water.
in the cone conformation, were synthesized with a similar  To get more information on this point, we used diffusion-
procedure starting from the dert-butylated calix[4]arene.  ordered 2D NMR spectroscopy (DOSY)which is a useful
Unfortunately, they are completely insoluble in water which method to study aggregation phenomena, as the diffusion
hindered further studies. Therefore, the synthesis and charac<coefficient O) is related to the effective size and shape of the
terization of these compounds are reported in Supporting molecular species in solution. Because there is a partial overlap
Information together with the reaction scheme (Figure S1).  of the signals o#G4Hex-coneat 1 mM (Supporting Informa-

We have previously showhthat calixarene§G6Me-mobile ~ tion, Figure S4b), we determined the hydrodynamic radius
and8G8Me-mobile are water soluble and do not self-associate ©Of the two species on the 0.2 and 10 mM solutions (Supporting
in this solvent. In the new series of macrocycles, the confor- Information, Figure S4a,c). The values obtainad< 8.9 and
mationally mobile4G4Me-mobile adopts a 1,3-alternate struc-  32-7 Az respectively) confirm that at 0.2 m#G4Hex-coneis
ture as inferred by the presence of a singlet at 3.73 ppm and aessentially present in a monomeric form (the length of the long
signal at 38.5 ppm ifH and 13C NMR spectra, respectively. axis of 4G4Hex-conein an extended conformation is19 A,
These signals refer to all bridging methylene groups and are &S stimated by molecular modeling), and at 10 mM, it assem-
diagnostic for this conformatio$,as also confirmed by the very ?Ies in large aggregates. Theof 4G4Pr-conedetermined by
similar spectral features shown BB4Pr-alt which is blocked H DOSY _exper[nents does r}(\)t significantly depend on the
in the 1,3-alternate conformation. As previously observed for concentratlonr@ =8.land 9_'3 for the 0.5 and 10 mM sam- )
other water-soluble calix[4]Jaren&the exposure of the lipo- ~ PIeS: respectively) and confirms the presence of a monomeric
philic groups to the solvent is minimized for derivatives in the species (the length of_the. long ax_|s4ﬂS4Pr-cc_>ne|s ~16 A).
1,3-alternate conformation, thus both th&4Me-mobile and ) Ipteractlpn of Guamdmmm_ qulxareqes W'th, DNA} Pre—.
4G4Pr-alt ligands do not self-aggregate in the concentration liminary ewdencg of the guanidinium calllxarent.a.s abll!ty to bind
range 105—10-2 M. Conversely, the cone calix[4]Jarenes tend DNA was obtalngd by electrophoreS|§ mobility shift assays
to aggregate, although to a minor extent if compared to other (EMSA),'7 revealing t_hat the cone callx[4]arene§ _p_rofouno_lly
similar water-soluble calix[4]arene derivatives. In fat®4Pr- affect DNA conformation compared to other guanidinium calix-
cone does not aggregate up to its solubility limit (FOM) arene ligands. Herein, we corroborated these binding capabilities
whereas the corresponding tetrasulfoPfade tetracarboxylaf® Wl'th DNAtmeItmg assays .anill ethld(;utm bromldgl\(llitilr) dqhs- f
derivatives show a critical micellar concentration (cmc) of placement assays, conveniently Usec 1o assess Inding o
25 x 102 and 6.5x 1075 M, respectively. Other cone other cationic amphiphile®.Namely, DNA melting curves of
tetrapropoxycalix[4]arenes having four quaternary ammonium linearized pI_EG_F_P-Cl plasrrﬁi_jsuggest thath4Pr-_coneand
groups at the upper rim show a cmc between 5.50-7 and 4GA4Pr-alt significantly stabilize the double helix, whereas
10-3 M.26274G40ct-coneshows very little solubility. in watel? 8G8Me-mobile assists strand dissociation (Supporting Informa-

whereasAG4Hex-cone shows a quite unique behavior which tion, Figure .SS)' LikewisedG4Pr-cone 868Memqbﬂe gnd
S . . 4GA4Pr-alt displace EtBr from the corresponding circular

was studied in more detail. Tht NMR spectrum of this lasmid in a concentration-dependent manner but with ver

compound at 0.2 mM in BD at 298 K (Supporting Information, P P y

: . . —.". different curve profiles (Supporting Information, Figure S6).
Figure S2a) shows one set of sharp signals with the multiplicity The more rapid palthougr(l pa?tpi)al re?ease of EtBr obs?arved upzon
expected for a symmetrically functionalized calix[4]arene in the I '

f M | ing th I rati addition of 8G8Me-mobile can be related to the double helix
cone conformation. Increasing the macrocycle concentration Eestabilization induced by this calixarene. Although these

results in the appearance of new broad resonances for the axia xperiments confirm a different mode of interaction with DNA
by the different calixarenes, they did not provide a clear picture

protons of the-CH,— bridge, the—OCH,—, and the aromatic
of the binding phenomena.

protons, which are upfield shifted and in slow exchange (on
the NMR time scale) with the sh_arp signals. These NeW 1o get further insight into the DNA structural changes induced
resonances can be reasonably attributed to the formation ofby calixarene binding, we employed AFW32 This technique

aggregates of higher molecular weight, most probably micelles. has been successfuliy used to study the interaction of both
synthetic ligand® and protein& with DNA. AFM experiments

By further increasing the concentration, while the intensity of
Swere carried out using both circular and linear DNA imaged in

the new broad signals increases, that of the sharp signal
gradually decreases. At 1 mM, the signals corresponding to the ;. \vith the tapping mode. Samples were prepared as described

two species are almost equally intense, whereas at 5 mM, only;, 1,6 Eyperimental Section. Figure 1a shows a typical image

the broad signals are visible. This behavior is peculiar becauseq e 4731 bp long DNA plasmids deposited in the absence of
it has never been observed for water-soluble calixarenes, Wherecalixarenes onto freshly cleaved mica. Single plasmids and

the different species in equilibrium are in a fast exchange regime
(on the NMR time scale). Analysis of these data (Supporting (28) Cohen, Y.; Avram, L.; Frish, LAngew. Chem., Int. E®005 44, 520~
554

(29) HWmen, Z.; Plotniece, A.; Reine, I.; Chekavichus, B.; Duburs, G.; Urtti,

(23) Jaime, C.; de Mendoza, J.; Prados, P.; Nieto, P. M.; Sancheiz,GBg. A. Biochim. Biophys. Act200Q 1509 451-466.
Chem.1991, 56, 3372-3376. (30) Borovik, A. S.; Kalambet, Y. A.; Lyubchenko, Y. L.; Shitov, V. T
(24) Shinkai, S.; Arimura, T.; Araki, K.; Kawabata, H. Chem. Soc., Perkin Golovanov, E. I.Nucleic Acid Res198Q 8, 4165-4184.
Trans. 11989 2039-2045. (31) Bustamante, C.; Rivetti, @nnu. Re. Biophys. Biomol. Strucfl996 25,
(25) Michels, J. J.; Huskens, J.; Engbersen, J. F. J.; Reinhoudt, argmuir 395-429.
200Q 16, 4864-4870. (32) Hansma, H. GAnnu. Re. Phys. Chem2001, 52, 71-92.
(26) Arimori, S.; Nagasaki, T.; Shinkai, 3. Chem. Soc., Perkin Trans1895 (33) Volcke, C.; Pirotton, S.; Grandfils, Ch.; Humbert, C.; Thiry, P. A.; Ydens,
679-683. |.; Dubois, P.; Raes, MJ. Biotechnal 2006 125, 11—21.
(27) Arimori, S.; Nagasaki, T.; Shinkai, 3. Chem. Soc., Perkin Trans1993 (34) Ceci, P.; Cellai, S.; Falvo, E.; Rivetti, C.; Rossi, G. L.; ChiancondlUgleic
887—889. Acids Res2004 32, 5935-5944.
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Figure 1. AFM images showing the DNA condensation induced by
guanidinium calixarenes. All images were obtained with supercoiled pEGFP-
C1 plasmid deposited onto mica at a concentration of 1 nM and with the
microscope operating in the tapping mode in air. (a) Plasmid with no calix-
arenes added. Plasmid incubated with (b)M 4G4Pr-cone (c) 1 uM
4G4Hex-cone (d) 1 uM 4G4O0ctcone (e) 1uM 4G4Me-mobile (f) 10

uM 4G4Pr-alt; (g) 1 uM 6G6Me-mobile and (h) 1uM 8G8Me-mobile

Each image represents ax22 um scan.

Information, Figure S7) in which the 4731 bp DNA plasmid
was treated with increasing amounts 454Pr-cone ranging
from 0.05 to 5uM. Although at 0.05uM 4G4Pr-cong the
conformation of the plasmid is unaffected by the calixarene, at
5 uM 4G4Pr-cone most of the plasmids are highly condensed
into large blobs. Higher calixarene concentrations could not be
explored by AFM because they prevent DNA deposition onto
the mica surface.

Similarly, 4G4Me-mobile calix[4]arene, which as shown
above adopts a 1,3-alternate conformation in solution, condenses
DNA at a concentration of AM (Figure 1e). On the other hand,
4GA4Pr-alt, a conformer o#G4Pr-conewith the same confor-
mation adopted byG4Me-mobile does not bind DNA at kM
even though condensed filaments were observed at a concentra-
tion of 10uM (Figure 1f).

A completely different picture emerges from the experiments
performed with the conformationally mobile calix[6pG6Me-
mobile) and calix[8]arene §G8Me-mobile) derivatives. As
illustrated in Figure 1g,h, the DNA aggregation induced by these
two calixarenes, at a concentration oftll, results in the for-
mation of interstrand aggregates composed of many plec-
tonemes. These “gorgonlike”, large DNA aggregates do not
collapse into compact structures even at higher calixarene
concentrations (data not shown).

Aggregates similar to those observed with circular DNA were
also observed with 1200 bp linear DNA (Supporting Informa-
tion, Figure S8), thus confirming that calixarene-induced DNA
condensation is not coupled to the topological constraint of the
plasmids.

Because all calixarenes studied contain aliphatic groups at
the lower rim, it was of interest to investigate their DNA binding
and condensation capabilities in a medium with a lower polarity.
In Figure 2, representative AFM images of these experiments
are reported. Plasmid DNA deposited onto mica in a buffer
solution containing 5% (v/v) ethanol (Figure 2a) displays
plectonemic conformations typical of supercoiled plasmids and
comparable to those obtained in a buffer solution without
ethanol. As shown in Figure 2b, however, under these condi-
tions, the addition of kM 4G4Pr-conedoes not generate the
highly condensed structures seen before in the absence of ethanol
and all deposited plasmids appear in extended plectonemic
conformations. A strongly diminished capability to condense
DNA in the presence of ethanol was also found 4&84Hex-
coneand4G40ct-conecalixarenes, although even at 15% EtOH
not all plasmids are totally relaxed (Figure 2c,d). Conversely,
the DNA binding properties atG4Me-mobile 6G6Me-mobile,

concatamers are seen in their plectonemic form with severaland 8G8Me-mobile are not affected by the presence of the
supercoils which cause the double helix to cross itself a numberalcohol (Figure 2eg), whereas the DNA condensation effi-
of times. Besides the topological constraint, plectonemes appearciency of4G4Pr-alt, which is negligible in water at &M, is

well extended all over the mica surface. The picture drastically
changes when the DNA plasmid is incubated with calixarenes
4G4Pr-cone(Figure 1b)4G4Hex-cone(Figure 1c), odG40ct-
cone (Figure 1d) at a concentration of M. In these cases,
the plasmids appear in highly condensed conformations with

significantly enhanced in 10% (v/v) ethanol (Figure 2h).
Transfection Properties of Guanidinium Calixarenes.The
observation that several guanidinium calixarenes are able to
condense DNA prompted us to explore the possibility of testing
this class of macrocycles as vectors for cell transfection. By

loops emerging from a dense core. Moreover, the dimension of using the same DNA plasmid (pEGFP-C1) as that employed in
the condensed structures suggests that, in the majority of thethe AFM studies, transfection experiments with the human
cases, they correspond to collapsed single DNA plasmids thusrhabdomyosarcoma cell line RD-4 were carried out as described

excluding the formation of large intermolecular aggregates. The

in the Experimental Section. This plasmid encodes for the

DNA condensation induced by these calixarenes is concentrationenhanced green fluorescence protein whose expression can be
dependent as evidenced by a titration experiment (Supportingused to monitor transfection efficiency by fluorescence micros-
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GenePORTER
transfection

4G40ct-cone 4G40ct-cone 4G40Oct-cone  4G40ct-cone

5uM ' '2np1'm' 40 pM

4G4Prcone  4G4Pr-cone  4G4Pr-cone 4G4Pr-cone DOPE

15 uM 15 pM TA5pM 15uM 30 pM
+ + +
DOPE15uM DOPE30uM DOPE 7.5 uM
Figure 3. Transfection experiments with guanidinium calixarenes. (a) Cells
transfected wittdG4Oct-cone at the concentration indicated below each
panel and visualized with fluorescence microscopy (upper row, in light green
because they express the enhanced green fluorescence protein EGFP) and
phase contrast microscopy (lower row). In the last column, the control
experiment was performed with the GenePORTER transfection reagent. (b)
Cells transfected witllG4Pr-cone at the concentration indicated below
each panel in the absence and in the presence of DOPE and visualized
with fluorescence microscopy (upper row) and phase contrast microscopy
(lower row). In the last column, the control experiment was performed with
DOPE alone.

tidylethanolamine), a neutral phospholipid commonly used as
a transfection adjuvari®. In the presence of DOPE.G4Pr-
coneshows cell transfection (Figure 3b), and a&t@4Pr-cond
DOPE ratio of 1:2, the transfection efficiency is comparable to
that of 4G40ct-cone and 4G4Hex-cone alone. On the other
hand, the presence of DOPE does not increase the transfection
efficiency of4G40ct-coneand4G4Hex-cone(data not shown).
Likewise, DOPE confers transfection ability to ti&4Me-
mobile and4G4Pr-alt calixarenes, whereas it has no effect on
Figure 2. AFM images showing the effect of ethanol on calixarene-induced the 6G6Me-mobile and 8G8Me-mobile calixarenes (data not
DNA condensation. Images of supercoiled pEGFP-C1 plasmid deposited Shown).

onto mica at a concentration of 1 nM in buffer containing (a) 5% (v/v) Interestingly, neither DNA binding nor cell transfection (even

ethanol; (b) 5% (v/v) ethanol andiM 4G4Pr-cone (c) 15% (v/v) ethanol in the pr n f DOPE) was rved with n lix[4]-
and 1uM 4G4Hex-cone (d) 15% (v/v) ethanol and AM 4G40Oct-cone e presence of DOPE) observed a cone calix[4]

(e) 5% (v/v) ethanol and &AM 4G4Me-mobile (f) 5% (v/v) ethanol and arene having four propyl groups at the lower rim and four
1 uM 6G6Me-mobile (g) 5% (v/v) ethanol and M 8G8Me-mobile and glucose units at the upper r¥fn(data not shown). This

(h) 10% (v/v) ethanol and &AM 4G4Pr-alt. Each image represents a2 corroborates the importance of the guanidinium groups in the
2 um scan. DNA condensation process, and it rules out the possibility that
DNA delivery to cells is due to a generalized lipophilic effect
of the macrocycle.

copy. As shown in Figure 3a, transfection carried out in the
presence of 2&M 4G4Oct-coneis efficient. At lower calix- Discussion
arene concentration, no transfected cells can be detected,
whereas at a concentration of 4, calixarene causes almost
complete cell death. A similar behavior is observed with
calixarene4G4Hex-<cone Conversely, under the same experi-
mental conditions, no transfection was observed with the
conformationally mobile calixaren€&6Me-mobileand8G8Me-

Very few reports exist in the literature on the correlation
between DNA condensation and the structure of synthetic
vectors used in cell transfectidh.These studies are almost
nonexisting if one refers to macrocyclic compounds, although
some of them have been shown to bind nucleic atfdg®

mobile and with the conformationally blockediG4Pr-alt and (35) Liu, F.; Yang, J.; Huang, L.; Liu, DPharm. Res1996 13, 1642-1646.
4G4Pr-cone No DNA transfection is observed in the case of (36) Sansone, . Casnati, A.; Chierici, E.; UngareORy. Biomol. Chem2003

calixarenefdG4Me-mobile (data not shown). For these calix-  (37) Tranchant, I.; Thompson, B.; Nicolazzi, C.; Mignet, N.; Scherman).D.
; ; ; ; Gene Med2004 6, S24-S35.

arene_derlvat_wes not showing transfectlor_1, we then performed (38) Shi. .: Schneider, -2 Chem. Soc., Perkin Trans. 1899 8, 1797

experiments in the presence of DOPE (dioleoyt-phospha- 1803.
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Figure 4. Schematic representation of possible condensation processes
induced by (a) the cone guanidinium calix[4]arenes, (b) the conformationally
mobile calix[6]- and calix[8]arenes, and (c) the 1,3-alternate and the mobile
calix[4]arenes. At the bottom, the AFM images of the aggregates are shown.

The results obtained in the present study clearly indicate that
macrocyclic guanidinium calixarenes bind to DNA, condense
it, and perform cell transfection in a way which depends on the
size, lipophilicity, and conformational properties of the macro-
cycle. All macrocycles we have tested can be organized into
three groups: (i) cone calix[4]arenes, (ii) conformationally
mobile calix[6]- and calix[8]arenes, and (iii) 1,3-alternate calix-
[4]arenes.

To the cone calix[4]arenes group belong compout@4pPr-
coneg 4G4Hex-cong and4G40ct-conewhich behave similarly
by efficiently condensing both plasmid and linear DNA in a
concentration-dependent fashion. These compounds expose th
four guanidinium groups from the same side of the macrocyclic
ring, and it is quite reasonable that these groups first interact
with the negatively charged DNA helix (Figure 4a). The
increased local concentration of the calixarenes favors the
hydrophobic interaction of the lipophilic tails of DNA-bound
calixarenes which join different portions of the DNA molecule
thus determining the formation of intramolecular condensates.
This mode of interaction is in agreement with the inhibition of

4G4Hex-conecalixarenes are able to perform cell transfection
at a concentration of 1520 uM. The less lipophilic4G4Pr-
conepromotes transfection only in the presence DOPE, a neutral
phospholipid which destabilizes the membrane bilayer. The
concentration of the calixarene needed for transfection is higher
compared to that required for the formation of the DNA blobs
visualized by AFM which are evidently still partially negatively
charged for adhering to the mica surface. This higher calixarene
concentration would be required for a complete charge neutrali-
zation of DNA which becomes a fatty aggregate capable to cross
the cell membrane. In line with this hypothesis is the observation
that a high calixarene concentration prevents deposition of the
aggregates onto the hydrophilic mica surface.

The conformationally mobil&G6Me-mobile and 8G8Me-
mobile calixarenes are larger and more flexible macrocycles
compared to calix[4]arene derivatives. They are highly water
soluble and do not self-aggregate in a concentration range 4
103to 1 x 1072 MY” mainly because they bear short methyl
groups at the lower rim. Differently from the cone calix[4]arenes
described above, they do not form intramolecular DNA con-
densates but simultaneously interact with several DNA filaments
giving rise to intermolecular aggregates composed of many
plectomenes linked by interstrand connections (Figure 4b). In
this case, the aggregation process is dominated by electrostatic
interactions between the positively charged guanidinium groups
of the calixarenes and the negatively charged DNA backbone
as suggested by the negligible effect of ethanol addition on DNA
binding. Supported by the available data on the conformational
properties of calix[6]- and calix[8]arene derivativ€sye can
assume that the guanidinium groups of these macrocycles are
oriented in opposite directions with respect to the plane of the
calixarene ring (for example, three or four up and three or four
down). In this arrangement, the calixarene could efficiently
cross-link different DNA molecules generating the gorgonlike
aggregates observed by AFM. On the basis of the fact that these
large mobile calixarenes favor the melting of DNA (Supporting
thformation, Figure S5), we cannot rule out that formation of
these large multimeric aggregates could partly arise from a kind
of macrocycle-mediated strand exchange among different plas-
mids. The poor DNA condensation achieved wék6Me-
mobileand8G8Me-mobile calixarenes explains the reason they
are unable to perform cell transfection at any tested concentra-
tion and even in the presence of DOPE.

The 4G4Me-mobile and4G4Pr-alt, which have in solution
a 1,3-alternate conformation, show an intermediate behavior

DNA condensation by cone guanidinium calix[4]arenes ob- hecause they condense DNA, but in this case, the process is
Served n the presence Of an increasing amount Of ethan0| Wh|Chdriven by Chargecharge interactions (F|gure 4c) between the

disrupts hydrophobic interactions. Efficiency in DNA condensa-
tion by calix[4]arenes depends on the length of alkyl chains at
the lower rim This picture is supported by tHel NMR studies

of 4G4Hex-<conein D;O, which prove that this compound is
indeed hydrophobically self-associated although at concentra-
tions higher than 0.2 mM. DNA condensation instead takes place
at micromolar calixarene concentrations indicating that the self-
association process of DNA-bound macrocycles is more efficient
due to the higher local concentration of the ligand. The intra-
molecular DNA condensation mode shown by cone guanidinium
calix[4]arenes is the most effective with respect to cell trans-
fection. In fact, only the most lipophiliddG4Oct-cone and

(39) Zadmard, R.; Schrader, Angew. Chem., Int. EQ00§ 45, 2703-2706.

guanidinium groups of a calixarene and phosphate groups along
the same plasmid, being DNA condensation independent or even
enhanced by ethanol. The inability of both compounds to
promote transfection can be related to their poor lipophilicity
caused in particular by the 1,3-alternate conformation. In line
with this hypothesis is the observation that their transfection
efficiency is enhanced by the adjuvant DOPE.

Conclusion

By using a combination of spectroscopic techniques and direct
visualization by AFM, we have investigated the DNA binding

(40) Casnati, A.; Della Ca’, N.; Fontanella, M.; Sansone, F.; Ugozzoli, F;
Ungaro, R; Liger, K.; Dozol, J.-FEur. J. Org. Chem2005 2338-2348.
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and condensation properties of guanidinium calixarenes andas that used for compourh and obtained in 60% yield. Mp>300
correlated them with their cell transfection ability. The results °C (MeOH).*H NMR (300 MHz, CDC}) 6 7.96 (s, 8H, ArH), 3.80 (t,
indicate that relatively small variations in size, lipophilicity, and J = 7.2 Hz, 8H, O®,CH.CHj), 3.73 (s, 8H, ArGi-Ar), 1.98-1.82
conformation of these water-soluble compounds, together with (M 8H, OCHCH,CHs), 1.05 (t,J = 7.5 Hz, OCHCH,CHy). *C NMR
a subtle interplay between hydrophobic and electrostatic supra—(75 MHz, CDCH) 0 161.4, 142.0, 133.6, 125.7, 74.9, 35.6, 23.6, 10.2.
. . L MS (ESI): calcd for [M+ Na]t m/z = 795.3, foundn/z= 795.1. El.
molecular interactions, significantly affect the outcome of DNA . . . ]
. . . anal. calcd for GoHaN4O12: C, 62.17; H, 5.74; N, 7.25. Found: C,
condensation and cell transfection. The present study contrlbute%2_3o; H. 5.61: N, 7.12.
to a better understanding of the factors affec_tlng DNA del_lv_ery 5,11,17,23-Tetranitro-25,26,27,28-tetramethoxycalix[4]arene (2c).
at the molecular level and may help to design more efficient This compound was prepared with the same procedure as that used for
and safer vectors for gene therapy. compound2a and obtained in 75% yield. In CDglit is present in a
mixture of partial cone (90% ca.) and cone (10% ca.) conformers. Mp:
296-298 °C (MeOH).H NMR (300 MHz, CDC}) ¢ 8.23 (s, 1.8H,
Synthesis and Characterization of the Guanidinium Calixarenes. ArH, partial cone), 8.14 (s, 1.8H, ArH, partial cone) 7.86 Jd= 3.0
All moisture-sensitive reactions were carried out under a nitrogen Hz, 1.8H, ArH, partial cone), 7.70 (s, 0.8H, ArH, cone), 7.27J¢;
atmosphere. All dry solvents were prepared according to standard 3.0 Hz, 1.8H, ArH, partial cone), 4.43 (d,= 13.2 Hz, 0.4H, ArCl,-
procedures and stored over molecular sieves. Melting points were Ar, cone), 4.10 (dJ = 13.8 Hz, 1.8H, ArGi,Ar, partial cone), 3.92
determined on an electrothermal apparatus in capillaries sealed undefS, 3.6H, ArGH2Ar, partial cone), 3.86 (s, 1.2H, OGHcone), 3.84 (s,
nitrogen.*H and *C NMR spectra (300 and 75 MHz, respectively) 2.7H, OCH, partial cone), 3.83 (s, 8.1H, OG}partial cone), 3.46 (d,
were recorded on a Bruker AV300 spectrometer (partially deuterated J= 13.2 Hz, 0.4H, Ar€l,Ar, cone), 3.37 (dJ = 13.8 Hz, 1.8H, Ar€l-
solvents were used as internal standards). Mass spectra were recordeér, partial cone). MS (ESI): calculated for [M- Na]" m/z = 683.2,
in ESI mode on a single quadrupole Micromass ZMD instrument foundm/z= 683.1. El. anal. calcd for &H2gN4O12: C, 58.18; H, 4.27;
(capillary voltage= 3 kV, cone voltage= 30—160 V, extractor voltage N, 8.48. Found: C, 58.33; H, 4.41; N, 8.34.
= 3V, source block temperature 80 °C, desolvation temperature 5,11,17,23-Tetramino-25,26,27,28-tetrahexyloxycalix[4]arene (3a).
150°C, cone and desolvation gasjNlow rates= 1.6 and 8 L/min, To a suspension ¢fa (500 mg, 5.31x 1074 mol) in ethanol (10 mL)
respectively). TLC was performed on Merck 6845ilica gel and flash were added NENH,+H,O (0.52 mL, 1.06x 10-2 mol) and Pd/C (10%)
chromatography on 3263 um on 60 A Merck silica gel. Elemental (catalytic amount). The reaction mixture was refluxed and stirred
analyses were performed using a CHN 1106 Carlo Erba instrument overnight. The catalyst was filtered off through a paper filter. The paper
and are reported as a percentage. filter was washed with CkCl, (20 mL), and all solvents were removed
5,11,17,23-Tetrdert-butyl-25,26,27,28-tetrahexyloxycalix[4]arene  under reduced pressure. The residue was dissolved jCk{80 mL)
cone (La),'85,11,17,23-tetraert-butyl-25,26,27,28-tetrapropoxycalix-  and dried over MgS® The pure product was obtained after evaporation
[4]arene 1,3-alternatelb),® 5,11,17,23-tetraert-butyl-25,26,27,28- of the solvent as a pale brown powder in 95% yield. Mp: 2236
tetramethoxycalix[4]arene mobild¢),*° 5,11,17,23-tetranitro-25,26,-  °C. *H NMR (300 MHz, CDC}) ¢ 6.08 (s, 8H, AH), 4.34 (d,J =
27,28-tetrahexyloxycalix[4]arene coreg},’8and 5,11,17,23-tetramino- ~ 13.1 Hz, 4H, ArG4,Ar), 3.78 (t,J = 7.4 Hz, 8H, OC1x(CH,)4CHy),
25,26,27,28-tetrapropoxycalix[4]arene 1,3-alternam®?t were synthe- 3.24 (bs, 8H, ArNi), 2.94 (d,J = 13.1 Hz, 4H, ArGH-Ar), 1.88 (m,
sized according to the literature procedures. 8H, OCHCH,(CH;)3CHs), 1.38 (bs, 24H, O(Ch)2(CH2):CH;z), 0.94
5,11,17,23-Tetratert-butyl-25,26,27,28-tetrapropoxycalix[4]- (t, J= 6.6 Hz, 12H, O(CH)sCHs). *C NMR (75 MHz, CDC}) ¢ 150.0,
arene 1,3-Alternate (1b).The reaction conditions used for the synthesis 140.1, 135.6, 115.7,75.9, 32.1, 31.1, 30.1, 25.9, 22.8, 14.1. MS (ESI):
of this compound are according to the literatéftbut differently from calcd for [M + Na]* m/z = 843.6, foundwz = 843.9. El. anal. calcd
this previously reported procedure, we found, for the isolation of the for Cs2HzeN4Os: C, 76.06; H, 9.33; N, 6.82. Found: C, 76.23; H, 9.08;
pure product, the crystallization from GEl/petroleum ether to be N, 6.94.
very convenient. The reported separation with column chromatography  5,11,17,23-Tetramino-25,26,27,28-tetrapropoxycalix[4]arene 1,3-
on silica gel did not give the desired results, recovering the desired Alternate (3b). This compound was prepared with the same procedure
product always accompanied by the isomer in partial cone conformation. as that used for compourgh starting from2b and obtained in 95%
All the physicochemical data obtained were in accordance with those yield. All the physicochemical data were in accordance with those
previously reported? previously reportedt
5,11,17,23-Tetranitro-25,26,27,28-tetrahexyloxycalix[4]arene (2a). 5,11,17,23-Tetramino-25,26,27,28-tetramethoxycalix[4]arene (3c).
la(3 g, 3.04x 102 mol) and NaNQ@(10.3 g, 0.12 mol) were putinto ~ This compound was prepared with the same procedure as that used for
a round-bottom flask, and then gFOOH (14 mL, 0.18 mol) was added =~ compound3a starting from2c and obtained in 90% yield. Mp: 211
dropwise. The mixture was stirred at rt overnight. The reaction was °C, dec.*H NMR (300 MHz, 373 K, DMSOds) 6 6.15 (s, 8H, AH),
stopped by addition of water (200 mL) and extracted with,Chl 4.12 (bs, 8H, NH), 3.40 (bs, 12H, OC}J, 3.06 (bs, 8H, ArEi-Ar).
(2 x 100 mL). The organic layer was washed with water (150 mL) **C NMR (75 MHz, DMSO¢) ¢ 148.9, 142.3, 133.9, 114.2, 60.7,
and dried over anhydrous MgSOThe solvent was removed under  30.5. MS (ESI): calcd for [M+ Na]* m'z= 563.3, foundn/z = 563.4.
reduced pressure, and the pure product was obtained by trituration withEl. anal. calcd for HseN4sO4: C, 71.09; H, 6.71; N, 10.36. Found:
MeOH (50 mL) as a pale yellow powder (2.3 g, 81%). Mp: 1383 C, 70.89; H, 6.93; N, 10.22.

Experimental Section

°C (MeOH).*H NMR (300 MHz, CDC}) 6 7.57 (s, 8H, AH), 4.51 5,11,17,23-Tetrakis[(bisN-Boc)guanidine]-25,26,27,28-tetra-
(d,J=14.0 Hz, 4H, ArGH2Ar), 3.98 (t,J = 7.4 Hz, 8H, OG1x(CH,).- hexyloxycalix[4]arene Cone (4a)To a solution of3a (328 mg, 4x
CHs), 3.40 (d,J = 14.1 Hz, 4H, ArCGH,Ar), 1.87 (m, 8H, OCHCH-- 10~ mol), bis-Boc-thiourea (464 mg, 1.68103 mol), and E{N (0.84
(CH)sCHg), 1.36 (bs, 24H, O(CH)2(CH2)sCHs) 0.92 (t,J = 6.9 Hz, mL, 6 x 1073 mol) in dry CHCl, (20 mL), cooled with an ice bath,

12H, O(CH)sCH3). 3C NMR (75 MHz, CDC}) 6 161.6, 142.8, 135.4, was added 2-chloro-1-methyl-pyridinium iodide (729 mg, 28003
123.9,76.2,31.8, 31.1, 30.1, 25.6, 22.7, 13.9. MS (ESI): calcd for [M mol), and the mixture was stirred for 30 min. The cooling bath was
+ NaJ* mz = 963.5, foundm/z = 963.8. El. anal. calcd for removed, and the reaction mixture was stirred at rt overnight. The
Cs2HeaN4O122 C, 66.36; H, 7.28; N, 5.95. Found: C, 66.19; H, 7.42; organic solvent was distilled off under reduced pressure, and the residue
N, 5.82. was purified by flash column chromatography on silica gel (eluent:
5,11,17,23-Tetranitro-25,26,27,28-tetrapropoxycalix[4]arene 1,3- hexane/EO 5:1 and 7:3) to obtain the pure product as a white powder
Alternate (2b). This compound was prepared with the same procedure in 31% yield. Mp: >250 °C dec (CHCl,—MeOH). 'H NMR (300
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MHz, CDCk) 6 11.59 (s, 4H, BocM), 9.80 (s, 4H, ArNH), 6.90 (s,  8H, OCH,CH,CHs), 3.67 (s, 8H, ArGi,Ar), 1.95 (m, 8H, OCHCH,-

8H, ArH), 4.40 (d,J = 13.1 Hz, 4H, ArGH,Ar), 3.83 (t,J = 7.5 Hz,  CHy), 1.04 (t.J = 7.4 Hz, 12H, OCHCHs). °C NMR (75 MHz, CD-

8H, OCH,(CH)4CHs), 3.13 (d,J = 13.1 Hz, 4H, ArGH,Ar), 1.90 (m, OD) ¢ 158.4, 157.4, 136.5, 129.2, 129.0, 76.9, 36.9, 25.4, 10.9. MS
8H, OCHCH2(CHz):CHs), 1.48 (s, 36H, BY, 1.45 (s, 36H, BY, 1.36  (ESI): calcd for [M+ H — 4HCI]* miz = 821.5, foundmz = 822.0.

(m, 24H, O(CH)2(CH2)sCH3), 0.92 (t,J = 6.3 Hz, 12H, O(CH)sCH3). 5,11,17,23-Tetraguanidinium-25,26,27,28-tetramethoxycalix[4]-

BC NMR (75 MHz, CDC}) 6 153.9, 153.4, 153.0, 134.7, 130.6, 123.0,  arene, Tetrachloride Salt Mobile (4G4Memobile). The pure com-
83.0, 79.1, 754, 32.1, 31.3, 30.1, 28.2, 28.1, 25.9, 22.8, 14.1. MS pound was obtained by crystallization from methanol/ethyl as a white

(ESI): calcd for [M+ Na]* m/z = 1812.1, foundwz = 1812.3. El. powder in 89% yield. Mp:>250°C dec.'H NMR (300 MHz, DO)
anal. calcd for GeH14eN120200 C, 64.40; H, 8.33; N, 9.39. Found: C,  §7.12 (s, 8H, AH), 3.73 (s, 8H, ArGi,Ar), 3.54 (s, 12H, OEl3). 1°C
64.67; H, 8.57; N, 9.17. NMR (75 MHz, D,O) § 160.1, 158.8, 139.3, 133.1, 131.6, 62.1, 38.5.

5,11,17,23-Tetrakis[,N'-di-Boc)guanidine]-25,26,27,28-tetra- MS (ESI): calcd for [M+ H — 4HCI]* m/z = 709.4, foundm/z =
propoxycalix[4]arene 1,3-Alternate (4b).To a solution of3b (273 709.6.

mg, 4.18 x 1074 mol), N,N-di-Boc-thiourea (463 mg, 1.6% 1072

mol), and E4N (0.59 mL, 4.18x 10°* mol) in dry DMF (15 mL), cesium chloride gradient centrifugatiéhA stock solution of the
cooled with an ice ba_th, was addeq mercury chlqude (510 mg, .84 plasmid (0.7¢M) in milliQ water (Millipore Corp., Burlington, MA)
107 mol), and the mixture was stirred for 30 min. The cooling bath was stored at-20 °C. Linearized plasmid DNA (pEGFP-C1) was
was removed, and the reaction mixture was stirred at rt overnight. The ,pained by cutting with the EcoRl restriction enzyme (Roche), column
reaction mixture was diluted with GRI> (10 mL), and the black solid 1, ifieq (Genomed), and alcohol precipitated. The linearized plasmid
phase of HgS was filtered off through a paper filter. The filtrate was  p pellet was washed with 70% of ethanol, air-dried, and dissolved
distilled off under reduced pressure, and the residue was purified by i, gistilled H,O at a final concentration of g/mL. Linear 1200 bp
flash column chromatography on silica gel eluting with ethyl acetate/ pya fragments were obtained from PCR using pDE13 plasmid as the
hexane 3:1 to obtain the pure product as a white solid in 64% yield. (gmp|ate and suitable DNA primers. The fragment was gel purified on
Mp: >250 °C dec.*H NMR (300 MHz, CDC}) 6 11.61 (s, 4H, 1% agarose, electroeluted by means of the Elutrap apparatus (Schleicher
BocNH), 10.16 (s, 4H, Arl), 7.31 (s, 8H, AH), 3.56 (,J = 6.3 Hz, & Schuell), phenol extracted, and ethanol precipitated. The DNA
8H, OCGH.CH,CHy), 3.51 (s, 8H, ArCi-Ar), 1.78 (m, 8H, OCHCH.- fragment was dissolved in TE buffer at a concentration of 100 nM and
CHs), 1.54 (s, 36H, BY), 1.46 (s, 36H, B, 1.07 (t,J = 7.3 Hz, 12H, stored at £#C.
OCH,CH,CHs). 13C NMR (75 MHz, CDC}) 6 163.4, 153.4, 153.1,
152.9,133.4, 130.1, 123.1, 83.2, 78.7, 73.6, 36.3, 28.1, 27.9, 23.8, 11.2.
MS (ESI) calcd for [M+ Na]t m/z= 1643.9, foundwz = 1643.7. El.
anal. calcd for @H124N12020: C, 62.20; H, 7.71; N, 10.36. Found: C,
62.01; H, 7.95; N, 10.19.
5,11,17,23-Tetrakis[N,N'-di-Boc)guanidine]-25,26,27,28-tetra-
methoxycalix[4]arene Mobile (4c).This compound was obtained with
the same procedure as that used to obddirbut the reaction mixture
was stirred at rt for 3 days. The crude was purified by flash column
chromatography on silica gel (eluent:ethyl acetate/hexane 5:1 and 4:1)
to obtain the pure product as a white solid in 21% yield. Mp200
°C dec.*H NMR (300 MHz, T = 363 K, DMSO#s) 6 11.33 (brs, 4H,
BocNH), 9.64 (brs, 4H, ArM), 7.15 (brs, 8H, AH), 3.17-4.06 (brs,
20H, ArCH,Ar and OHs), 1.49 (s, 36H, BY, 1.37 (s, 36H, Bi). 13C
NMR (75 MHz, CDCE) ¢ 163.6, 155.2, 153.4, 153.1, 134.4, 133.7,
130.8, 123.0, 83.1, 79.0, 61.3, 60.2, 31.1, 28.1, 28.0. MS (ESI): calcd
for [M + Na]* m/z = 1531.8, foundn/z = 1531.5. El. anal. calcd for

CreH1oN1:056: C, 60.46: H, 7.21: N, 11.13. Found: C, 60.71: H, 7.54; Cell Culture and Transient Transfection Assay. The human
N 10.92 ' Y Y ' Y " rhabdomyosarcoma cell line RD-4, obtained from David Derse, National

Cancer Institute, Frederick, Maryland, was maintained as a monolayer
using growth medium containing 90% DMEM, 10% FBS, 2 mM
L-glutamine, 100 IU/mL of penicillin, and 1@g/mL of streptomycin.
Cells were subcultured to a fresh culture vessel when growth reached
70—90% confluence (i.e., every-3% days) and incubated at 3T in

a humidified atmosphere of 95% air/5% gOTransfections were
performed in 6 well plates, when cells were 80% confluent (approx-
imately 3x 10 cells) on the day of transfection. A portion of.g of
plasmid and different concentrations of ligands were added to 1 mL of
a serum-free medium, mixed rapidly, and incubated at room temperature
for 20 min. Each mixture was carefully added to the cells following
the aspiration of the culture medium from the cells. Lipoplex formula-
tions were performed adding DOPE to the plasfligand mixture at
different ligand/DOPE molar ratios (1:1, 1:2, and 2:1), where ligand
concentration was kept to 18M. The GenePORTER transfection
reagent, a neutral lipid transfection reagent, was used as positive
transfection control. The mixture and cells were incubated &C3ih

a humidified atmosphere of 95% air/5% e@r 5 h. Finally, the

DNA Preparation and Storage.Plasmid DNA was purified through

Sample Preparation and AFM Imaging. DNA samples were
prepared by diluting the DNA (plasmid or linear) to a final concentration
of 1 nM in deposition buffer (4 mM Hepes, 10 mM NaCl, 2 mM MgCl
pH = 7.4) either in the presence or in the absence of calixarenes. When
needed, ethanol at a defined concentration was added to the deposition
buffer prior to addition of DNA and calixarenes. The mixture was
incubated for 5 min at room temperature, and then a:R@roplet
was deposited onto freshly cleaved ruby mica (Ted Pella, Redding,
CA) for 1 min. The mica disk was rinsed with milliQ water and dried
with a weak stream of nitrogen. AFM imaging was performed on the
dried sample with a Nanoscope IlIA Microscope (Digital Instruments
Inc., Santa Barbara, CA) operating in tapping mode. Commercial diving
board silicon cantilevers (NSC-15 Micromash Corp., Estonia) were
used. Images of 51% 512 pixels were collected with a scan size of
2 um at a scan rate of-34 lines per second and were flattened after
recording using Nanoscope software.

General Procedure for the Removal of the Boc Protecting
Groups. Concentrated HCI was added dropwise to a solution of the
protected guanidinium calixarenéa—c and9a,b) in 1,4-dioxane (0.1
mmol/10 mL). The reaction mixture was stirred for 24 h, and then the
solvent was removed under reduced pressure.

5,11,17,23-Tetraguanidinium-25,26,27,28-tetrahexyloxycalix[4]-
arene, Tetrachloride Salt Cone (4G4Hexcone. The crude was
triturated with ethyl acetate to obtain the pure product as a white powder
in 95% yield. Mp: >250 °C dec.?H NMR (300 MHz, CQOD) &
6.66 (s, 8H, AH), 4.49 (d,J = 13.2 Hz, 4H, ArGH,Ar), 3.95 (t,J =
7.4 Hz, 8H, OC®H»(CH,)4CHs), 3.29 (d,J = 13.2 Hz, 4H, ArCH,Ar),
1.98 (m, 8H, OCHCH(CH>)sCHs), 1.45 (m, 24H, O(CH)(CH.)sCHs),
0.94 (t,J = 6.3 Hz, 12H, O(CH)sCH3). *C NMR (75 MHz, CDB,0D)
0 157.8, 157.1, 137.7, 129.9, 126.6, 76.9, 33.4, 31.7, 31.6, 27.4, 24.1,
14.6. MS (ESI): calcd for [M+ H — 4HCI]* m/z= 989.7, foundwz
= 989.7.

5,11,17,23-Tetraguanidinium-25,26,27,28-tetrapropoxycalix[4]-
arene, Tetrachloride Salt 1,3-Alternate (4G4Pralt). The pure
compound was obtained by crystallization from ethanol/ethyl acetate . - -

(41) Maniatis, T.; Fritsch, E. F.; Sambrook, J. Molecular Cloning: A

as a white powder in 87% yield. Mp>300 °C (EtOH-EtAc). *H Laboratory Manual 2nd ed.; Cold Spring Harbor Laboratory: New York,
NMR (300 MHz, CDOD) 6 7.02 (s, 8H, AH), 3.82 (t,J = 7.5 Hz, 1989.
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transfection mixture was removed and 3 mL of growth medium was 2005, 2005078885. We thank CIM (Centro Interdipartimentale

added to each transfected well and left to incubate for 72 h. Misure) of the University of Parma for NMR and AFM facilities.
The transfected cells were observed under a fluorescence microscope
for EGFP expression. Supporting Information Available: Figures S+S8,'H NMR
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