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2d: m.p.: 101-102°C (decomp); 'H NMR (400 MHz, CD;CN): 0 =9.12 (s,
1H; H-2), 8.80 (d, /=6.2 Hz, 1H; H-6), 8.75 (d, / =8.1 Hz, 1H; H-4), 8.09
(dd, J=8.1, 62 Hz, 1H; H-5), 735 (d, J=8.0 Hz, 2H; Ph), 729 (d, /=
8.0 Hz, 2H; Ph), 7.13 (br.s, 1H; CONH,), 6.57 (br.s, 1H; CONH,), 5.70 (s,
2H; CH,Ph), 2.35 (s, 3H; CH;); *C NMR (100 MHz, CD;CN): 6 =163.7,
146.9, 145.4, 145.0, 1414, 135.5, 131.1, 130.5, 130.4, 129.5, 65.7, 21.3;
elemental analysis: calcd for C;H;sF;N,OP (372.25): C 45.17, H 4.06, N
7.53; found: C 45.33, H 3.93, N 7.52.

Cyclic voltammograms of the NAD* model compounds were measured in
acetonitrile solution that contained tetra-n-butylammonium tetrafluoro-
borate (0.1m) as the supporting electrolyte. An ALS/CHI CHI-620
electrochemical analyzer, with a Pt disk working electrode, an Ag/AgNO;
(0.01m) reference electrode, and a Pt counter electrode was used for the
analysis.
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The goal of targeted nonviral gene therapy has aroused
considerable interest amongst scientists in recent years.'! The
ability to deliver recombinant DNA both selectively and
efficiently to a given cell-type requires several features
working effectively in harmony. Preferably the DNA needs
to be compacted to protect it from enzymatic attack,?l and
tightly bound to a suitable targeting ligand.'® The resultant
vector needs to be efficiently delivered to the target cell
population with sufficient selectivity to minimize unwanted
interaction with other cell types. Finally, once internalized
into the desired cell the DNA must escape from the endosome
into the cytoplasmlP®l and enter the nucleus while being
protected from the action of nucleases en route. Each of the
above stages presents a major scientific challenge and differ-
ent strategies have been formulated. Cationic liposomes, for
example, have been studied in detail,™ but lack specificity in
targeting and generally yield heterogenous complexes with
DNA. Cationic polymers, notwithstanding their toxicity
in vivo, strongly bind DNA and may afford a pH-dependent
release mechanism through a conformational change in the
polymer in the more acidic medium of an endosome.P] We
now report our preliminary work to develop a new modular
supramolecular approach to overcome the challenges associ-
ated with targeted gene delivery.

Compaction of DNA in nature is achieved through charge
neutralization of the polyanion by interaction with the
protonated polyamine spermine.l) Accordingly, we have
prepared a series of amphiphilic tetra- and hexaamines 1-
12, which as a consequence of the C; or C, spacing between
each nitrogen site possess 3.6 or 5.2 positive charges at

[*] Dr. M. A. W. Eaton,*] T. S. Baker, Dr. C. F. Catterall, Dr. K. Crook,
Dr. G. S. Macaulay, B. Mason, Dr. T. J. Norman, Dr. R. J. Taylor,
A. Turner, Dr. A. N. Weir
Celltech Chiroscience Ltd.
216 Bath Road, Slough, SL1 4EN (UK)
Fax: (+44)1753-536-632
E-mail: meaton@celltech.co.uk

Prof. D. Parker, Dr. T. J. Norman, Dr. J. J. B. Perry
Department of Chemistry

University of Durham

South Road, Durham, DH1 3LE (UK)

Fax: (+44)191-386-1127

E-mail: david.parker@dur.ac.uk

Present address:
Swords Laboratories, Bristol Myers Squibb
Watery Lane, Swords, Co. Dublin (Ireland)

[**] We thank the BBSRC Chiroptical Service for CD studies, Brian
McManus (Optokem Instruments, Nercyws, Flintshire) for assistance
with the light-scattering studies, Dr. Clive Roberts (Molecular Profiles
Ltd.) for AFM studies, Professor J.-H. Fuhrhop for many discussions,
Dr. I.S. Blagbrough for related synthetic work, the EPSRC for
support, and the Royal Society for a Leverhulme Trust Senior
Research Fellowship (D.P.).

[+

—

0044-8249/00/11222-4229 $ 17.50+.50/0 4229



ZUSCHRIFTEN

“HsN OH OH
N N, H o T %
N N OH
N (CH>), i
e O OH OH
NF ©
+HSN/\/\/ 2
1n=17
2n=11
3n=23
*HZRN\/\;HZN\/\/\NH; H QH (E)H
H N OH
N__(CH), I
hd O OH OH
. o
. NA
+H2RN/\/\ H2N/\/\/ 2
4an=23 R=H
4bn=17,R=H
5n=23,R=Me
6n =35 R=Me

+ N I H
HoRN. A~ + o] MOH
NItz H\’(\/”\ o 0
H -
N ) N

+H2RN/\/\/NH2 7an=23,R=H

7b n = 23, R = CH,CH,CH,NH,"Me

+H3N\/\/\NH2+
NH H

e} N :
O)\(CHZ/)%Y\;/Y\OH
]

NFA,*
*HSN/\/\/ 2 H
OH OH

»H:,N\/\/\NH2+

1y o~ N
HsN 9a

+H2M9NV\;H2N\/\/\NHZ+

+ + NH,*
HaMeN" N 2

9%

*HaN
3 \/\/\NH;

H
H N COy
)AMN ] T
\ﬂ/ O NHg+
]

e~~~ NHD
H3N 10

*HyRN
H \/\/\NH2+ H
H _N o}
N.__(CH OCH,3
( Z)n
\lr o m
NA,* °
+H2RN/\/\/ 2

11 n =23, m=average 45, R=H
12 n = 23, m = average 45, R = CH,CH,CH,NH, "Me

4230 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

ambient pH (7.4).34 The DNA-binding polyamine
“head” group is separated from a hydrophilic
“tail” group by a long-chain hydrocarbon varying
in length from C,, to Cs. The hydrophilic tail
groups are either sugars, such as those shown in
structures 1-9 (prepared by the reaction of o-
gluconolactone with the appropriate primary
amine), zwitterionic amino-acids, for example, 10,
or polyoxyethylene glycol chains (PEG, MW 2000)
for example, 11 or 12. Such non-ionic surfactant
tail groups improve water solubilty, are biocom-
patible, and may reduce nonspecific interactions
such as protein binding and subsequent uptake by
the reticuloendothelial system. The amphiphilic
structures 1-12 resemble bolaamphiphiles!® and
may be expected to self-assemble in solution.
Similar aggregates may also be expected to form
readily in mixtures where the long-chain hydro-
carbon and polyamine groups are held constant
but the hydrophilic tail group is varied. Control
over DNA compaction and surface-coating char-
acteristics in a supramolecular assembly comprised
of a bolaamphiphile and condensed DNA may be
achieved by varying the relative proportion of each
component. !’

Preliminary DNA-binding experiments were
carried out with super-coiled plasmid DNA
(pH 7.4, 150 mm NacCl) to rank the relative DNA-
binding affinities of bolaamphiphiles (“bolas”) 1-
12. Binding affinity was monitored by a dye-
exclusion assay where the titration of the bola
(increasing equivalents of the bolaamine versus a
constant amount of DNA phosphate, “N:P ratio”)
caused a reduction in the intensity of the fluo-
rescence emission from an ethidium bromide/
DNA complex.” The following observations were
made: a) bolas 8 (with two C,, chains) and 10 (with
an amino acid tail group) bound comparatively
weakly, and b) DNA-binding affinity varied with
the length of the hydrocarbon chain for a given
polyamine and tail group and followed the order
C;, < Ci3< Cy > Cy. Differences in the binding
strength between tetraamine- and hexaamine-
based bolas were apparent for the C;3 chain
(N> N,), but were not evident for C,,-chain bolas,
for example, 7a versus 7b.

The particles that formed at N:P ratios of 0.5:1
and above were stable over the pH range 3.5 to 7.5,
as judged by the dye-exclusion assay and agarose
gel electrophoresis. However, the particles formed
at N:P ratios of 2:1 and above resisted the attack of
added Dnasel or of foetal calf serum when tested
for plasmid integrity.'”? Photon correlation spec-
troscopy (PCS) suggested that the particles which
formed at N:P ratios of about 0.7:1 or at greater
than 2:1, without the inclusion of any PEG-bola
(11 or 12), had a mean diameter of the order of
300 nm. Considerably larger aggregates formed at
N:P ratios between 1:1 and 2:1, presumably as a
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result of charge neutralization allowing the formation of
lattices. More compact particles however were observed to
form across the same range of N:P ratios with the inclusion of
as little as 2% of a PEG derivative (11 or 12). Field-flow
fractionation (a separation technique based on size) coupled
with multi-angle laser-light scattering allowed time-depend-
ent DNA-compaction studies to be carried out.''] Examina-
tion of the DNA particles formed from 13 mol% of 12 and
87 mol % of 5 at a N:P ratio of about 1:1 (Figure 1) revealed
behavior consistent with the formation of well-defined overall
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Figure 1. Field-flow fractionation data using multi-angle laser light scat-
tering highlighting the dispersity in particle size for the complex of 5:12
(87:13mol %) and 50 pum plasmid DNA (N:P ratio 0.86:1, 293 K, 150 mm
NaCl, pH 74, 20 mm HEPES), with the differential number fraction fn
expressed as a function of the root-mean-square radius (nm).

spherical particles. A time-independent (over two days) root-
mean-square radius (R,,,) of 41 nm was observed, a value that
compares well with the hydrodynamic radius (R,,) of 48 nm as
measured by PCS (theoretical value of R,=1.29 x R,
assuming a spherical structurel'’'?), Measurements of the
zeta potential on the same preparations over a N:P ratio of
0.5:1 to 2:1, revealed a surface charge on the particles ranging
between — 5 and + 10 mV. In contrast, particles formed from 5
in the absence of PEG-bola exhibited a surface charge ranging
from —40 mV to +20 mV, which strongly suggests that the
PEG tail groups shield the charge on the particle surface.

The nature of the DNA in the particles was examined by
circular dichroism (150 mm NaCl, 20 mM N-[2-hydroxyethyl]-
piperazine-N'-[2-ethanesulfonic acid] (HEPES), pH 7.4). As
the bolas were added to the B-form DNA the intensity of the
longest wavelength (positive) band shifted (from 268 to
290 nm) and reduced in overall intensity to reach a limiting
value at an N:P ratio of 1:1 or more. The position of zero-CD
(cross-over from negative to positive dichroism) shifted
simultaneously from 257 to 268 nm (Figure 2), which is
consistent with the retention of the B-form DNA in the
bound state.l'>'¥l Taken together, these physicochemical
studies are consistent with the formation of spherical or
toroidal particles in which the polyamine-bound DNA is
compacted inside the supramolecular assembly, with the
hydrocarbon chains separating it from the hydrophilic tail
groups and bulk water.

The plasmid DNA pEGlacZ,!* which codes for the enzyme
p-galactosidase, was condensed with the sugar-bola 5 or PEG-
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Figure 2. CD spectra of 50 um plasmid DNA (293 K, 150 mm NaCl, 20 mm
HEPES, pH 74) in the absence (thin line) and presence (bold) of the
bolaamphiphile 2 (0.6:1 N.P ratio).

bola 12 at N:P ratios of 0.5:1, 1.5:1, and 4:1 and tested for
transfection competence in Chinese hamster ovary cells.['”]
The PEG-bola derivative resulted in reporter-gene activity at
around the detection limit of the [-galactosidase assay
(Figure 3). In contrast the sugar-bola derivative gave a clearly
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Figure 3. Transfection of Chinese hamster ovary cells with bola/DNA
complexes and comparison with commercial transfection reagents.

detectable level of (-galactosidase for particles prepared at
the 0.5:1 N:P ratio, and increased by threefold at 1.5:1 and by
fivefold at 4:1 N:P ratio. For comparison results are shown for
the commercial transfection reagents lipofectin, lipofect-
amine, and superfect tested with the same plasmid under
optimal conditions according to the manufacturer’s instruc-
tions. The rank order of reporter-gene expression obtained
was lipofectamine > superfect > lipofectin, with the sugar-
bola at an N:P ratio of 4:1 giving a transfection level
intermediate between that of superfect and lipofectin.

When a mixture of sugar-bola and PEG-bola (65:35 mol %)
was used to condense plasmid DNA at a 4.1 N:P ratio the
resulting reporter-gene expression increased by over fourfold
to that obtained with the sugar-bola complex and was
comparable to that obtained with lipofectamine. No acute
toxicity was found at up to 70 ug bola/DNA doses in mice.
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To demonstrate that antibody-mediated targeting of the
bola-condensed DNA particles or “bolasomes” occurred, an
antibody Fab’ fragment with an exposed hinge cysteine thiol
residue was selectively conjugated to the maleimide group of
13 or the PEG-bola derivative 14. An anti-CD3 antibody was
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chosen to direct the targeting to the T cell receptor complex
present on human T lymphocytes and on Jurkat cells, a human
T-cell line which has been reported to be relatively refractive
to transfection.'! Accordingly, a mixture of the anti-CD3-
Fab’-bola conjugate (0.004 mol %), sugar-bola 5 (67 mol %),
and PEG-bola 12 (33 mol%) was used to form anti-CD3
bolasomes at a 3:1 N:P ratio. Control bolasomes containing a
Fab’ fragment of irrelevant specificity were also prepared.
An AFM imagel"”! (Figure 4) of such particles revealed
similar overall dimensions to those characterized by PCS, the
majority with a diameter of about 80 nm. The transfection
competence of both types of particle was tested on Jurkat
cells'® and resulted in a significant level of reporter-gene

Figure 4. AFM image of particles comprising 5 (67 mol%) and 12
(33 mol %) with 0.004 mol% of the anti-CD3-Fab conjugate of 14, 3:1
N:P ratio (295 K, 10 mm HEPES).

expression (733 +300 pg of f-galactosidase per mg of cyto-
solic protein of cell extract) for the anti-CD3 bolasomes
compared to undetectable expression for the control bola-
somes. Futhermore, the specificity of the transfection was
confirmed by competitive displacement of the anti-CD3
bolasome in the presence of a large excess (20 pmL™!) of
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free anti-CD3 IgG, which resulted in complete abolition of
transfection. Antibody targeting of the bolasome to the T cell
receptor complex has thus allowed uptake and intracellular
release of the plasmid DNA, presumably by a receptor-
mediated endocytosis pathway.

These studies augur well for the future
development of a robust and selectively
targeted DNA-delivery system. A new
class of water-soluble DNA-compacting
agents has been defined which not only
induce self-assembly of plasmid DNA
into discrete particles of around 100 nm
diameter, but also provide the means of
regulating surface properties through
their hydrophilic tail groups. Importantly,
the surface charge of the particles may be
controlled by the introduction of PEG
groups which serve to minimize certain
nonspecific interactions in vivo. Further-
more, the incorporation of a mixture of
PEG-bola and sugar-bola, in a defined
ratio, improves the transfection competence of the bolasome.
Finally, targeted transfection of a chosen cell type can be
achieved using a bolasome that includes a bola-conjugated
antibody.
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incubation continued for a total of 48 h. The levels of the activity of
the (-galactosidase reporter gene in the cells were assessed using an
enzyme activity kit (Promega Ltd) according to the manufacturer’s
instructions, where the hydrolysis of the substrate o-nitrophenyl--p-
galactopyranoside was measured spectrophotometrically in washed,
lysed-cell supernatants. The assay was calibrated against a -galacto-
sidase standard (Boehringer Mannheim Ltd.; 0.775 mU enzyme
activity per ng of protein). The results were normalized for super-
natant protein concentration following measurement of the latter
using a BCA protein assay kit (Pierce and Warriner Ltd.)
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Samples were imaged under ambient conditions (10 mm HEPES,

pH 8.0) using either a DI3000 or a DI Multimode atomic forcr

microscope, in the tapping mode with a scan frequency of 1-3 Hz.

Jurkat E6.1 cells (ECACC) were cultured in Dulbecco’s modified

eagles medium (DMEM) (Life Technologies Ltd.) that contained

10% foetal calf serum, 2 nM of glutamine, 50 unitsmL~" of penicillin,

and 50 pgmL~! of streptomycin. For transfection, cells were washed

and re-suspended in serum-free DMEM at 2 x 10° cellsmL~' and

0.5 mL per well added to 24-well culture plates. Bola-condensed DNA

(200 pL) was added at 4 pgwell™! and the plates incubated for 1 h at
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37°C in 5% CO,. Incubation was continued for a total of 24 h
following addition of 300 pL of 33 % foetal calf serum in DMEM.
Cells were harvested by centrifugation and washing with phosphate
buffered saline. Cells were lysed and supernatants assayed using a (-
galactosidase enzyme-linked immunosorbent assay (ELISA) kit
(Roche Diagnostics Ltd). Reporter gene levels were normalized for
cytosolic protein.[’]
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The development of new catalysts is being increasingly
followed by using combinatorial and evolutionary meth-
0ds.'3 These approaches require the ability to assay large
numbers of samples in parallel. This can be achieved using
solid-phase bound assays related to immunoassays!*l and a
variety of spectroscopic methods, such as IR thermography!”!
and mass spectrometry.’! One of the most popular methods is
the use of chromogenic and fluorogenic substrates as product
formation sensors.l'78 Herein, we report a new versatile
fluorogenic assay for hydrolytic enzymes. The assay couples
product formation to the release of a fluorescent signal,
achieved via periodate oxidation and albumin-catalyzed S-
elimination, and uses nonactivated, chiral substrates.

We recently reported an enantioselective fluorogenic assay
for alcohol dehydrogenases based on the detection of carbon-
yl oxidation products, such as 7 (Scheme 1), by S-elimination
of the fluorescent product umbelliferone (8) catalysed by
bovine serum albumin (BSA).” !9 Aldehyde 7 can also be
produced from diol 5§ or aminoalcohol 6 by oxidation with
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