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Design of molecules capable of binding to biological systems
with high affinity is of key importance in the development of
synthetic systems capable of intervening in biological path-
ways. Multivalent binding has emerged as one of the key
principles in enhancing binding to biological targets.'! By
organizing multiple copies of a given ligand on a single
molecular scaffold, the entropic cost of binding to more than
one binding site on the target is decreased, and hence the
extra binding affinity gained for each additional ligand can
increase in a nonlinear manner.”) Dendritic molecules, with
their inherent repetitive branched structures, offer one of the
most useful synthetic scaffolds for organizing multiple ligands
on an accessible surface.” Early influential work focused on
dendritic arrays of saccharides, capable of binding to lectins,
for example, and demonstrated that significant multivalent
effects could be achieved.”! Recently, we chose to synthesize
dendritic arrays of spermine ligands, to achieve high-affinity
DNA binding.P! Spermine is a simple tetraamine employed in
nature for nonspecific minor-groove DNA binding.”! How-
ever, it has relatively low DNA affinity, and suffers from
competition with sodium cations. Indeed, it has to be present
in millimolar amounts in eukaryotic cells to play its ubig-
uitous role. We found that dendritic arrays of spermine, such
as G2-amide (Figure 1), could effectively bind DNA at low
nanomolar concentrations and were completely unaffected by
the presence of competitive sodium cations.”) This multi-
valency presumably occurs because more than one of the
spermine ligands on the flexible dendron support are able to
simultaneously interact with the minor groove of DNA. In
subsequent work, we explored the ability of these dendrons to
achieve gene delivery into cells and found that, with relatively
simple modifications, effective gene delivery could be ach-
ieved.! We also grafted these dendrons onto proteins to
generate new biosynthetic constructs incorporating adhesive
patches with high affinity for DNA.®

However, the extremely high affinity of multivalent
ligands for their biological targets may cause problems if
such systems are to be applied invivo, owing to the
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Figure 1. Structure of G2-amide.

persistence of the dendrimer and strong, almost irreversible
interactions with the binding partner. Such interactions are a
particular problem, for example, in gene therapy, wherein the
persistence of dendrimers within cells after transfection has
taken place is a known problem.”” Indeed, the development of
degradable vectors is a key frontier in current approaches to
gene delivery.'”! We therefore became interested in degrad-
able dendritic systems. There have been a number of elegant
studies of degradable dendrimers, in particular from the
groups of Shabat,"! McGrath,"”! de Groot,™ and Fréchet.!"!
In general, these researchers were interested in using
degradable systems to release multiple copies of a drug in a
controlled way. In contrast, however, our aim is to use
degradation to switch off multivalent interactions between a
dendritic molecule and its biological binding partner, to turn a
multivalent array into smaller units, such as individual
monovalent ligands. In this way, after degradation, the
binding affinity will drop dramatically, meaning that the
ligands can no longer intervene in biological pathways. We
recently reported a dendron design which made use of a UV-
cleavable linker group between the scaffold and the ligands
and allowed triggered conversion from multi- to monova-
lency.™! UV-controlled degradation is potentially useful in,
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Figure 2. Structures of the chemically (bio)degradable ester-derived dendrons synthesized for this study.

for example, the development of controllable chip surfaces in
which high-affinity binding can be switched off. However, it is
less applicable in biological systems. We sought to demon-
strate that (bio)chemically degradable dendrons could be
used in this way—the results are reported herein.

Fréchet, Hult, and co-workers reported the synthesis of
degradable dendritic molecules constructed from 2,2-bis(hy-
droxymethyl)propionic acid,"® and we therefore decided to
make use of this dendritic motif in synthesizing our new
multivalent DNA binders. We adapted the synthetic proce-
dure (see the Supporting Information) to generate first-,
second-, and third-generation dendron structures with sper-
mine groups on the surface and a benzyl ester protecting
group at the focal point (Gn-ester, Figure 2). The synthesis of
these dendrons was efficient and high yielding (see the
Supporting Information). Importantly, these dendrons were
constructed from repeated ester groups, with the surface
groups connected by carbamates. Both of these linkages have
potential chemical (bio)degradability which should enable
degradation under biologically relevant conditions.!']

Initially, we investigated the ability of these dendrons to
bind calf thymus DNA. To gain a comparative quantification
of the DNA binding abilities of these dendrons, we employed
an ethidium bromide (EthBr) displacement fluorescence
assay, which is commonly used to investigate the binding of
polyammonium cations to DNA."M When EthBr is displaced
from its complex with DNA, the fluorescence intensity
decreases, which allows quantification of the amount of
dendron required to effectively bind DNA and displace
EthBr, most usually expressed as the charge excess of
dendron relative to DNA required for 50 % EthBr displace-
ment (CEs,, Table 1). This experiment also allows calculation
of the concentration of dendron required for effective DNA
binding (Csp). In each case in this study, we employed a
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Table 1: DNA binding data extracted from ethidium bromide (EthBr)
displacement assays. Assays were performed using EthBr (2.54 um) and
calf thymus DNA (1.00 pm base pair concentration; the concentration of
each negatively charged phosphate is therefore 2.00 um). CEsq represents
the charge excess (positive/negative ratio) required to decrease EthBr
fluorescence by 50%. Cs, represents the concentration of dendron
required to displace 50% of EthBr. [Spermine]s, represents the effective
(normalized) concentration of spermine ligating group required to
displace 50% of EthBr.

Dendron CEsp Cso [um] [Spermine]s® [m]
Gl-ester 4134 13.8 27.6

G2-ester 2.8 0.467 1.87

G3-ester 0.93 0.078 0.624

G2-amide 0.76 0.056 0.504

[a] Cso= (CEsux2.00 um)/(number of protonatable amines in the den-
dron). [b] [Spermine]s,= Csox number of spermine ligands on dendron.
[c] This value was estimated by linear extrapolation of the data points.
[d] This value is higher than that previously reported® as the DNA and
EthBr concentrations have both been doubled.

biologically relevant amount of NaCl (150 mm). In analogy
with our previous results, which used Newkome-type®
dendritic scaffolding (e.g. G2-amide), we expected these
dendrons to exhibit multivalent binding effects.>'* It should
be noted that the Fréchet—Hult ester-type branching consists
of a 1—2 branching motif, whereas the Newkome system has
1—3 branching. Therefore G2-amide should be roughly
comparable with G3-ester in terms of the number of surface
ligands (nine versus eight).

Encouragingly, as the number of surface spermine units
increased from two (Gl-ester) to four (G2-ester) to eight
(G3-ester), a smaller charge excess of dendron was required
to displace 50% of the EthBr, that is, the CEy, value
decreased from 41.3 to 2.8 to 0.93 (Table1, Figure 3).

Angew. Chem. Int. Ed. 2009, 48, 4047 —4051


http://www.angewandte.org

Norm FI
Int

4

2 3
Charge Excess (CE) —>

Figure 3. Fluorescence titration of DNA (1 um per base pair) and
EthBr (2.54 um) with dendrons. The normalized fluorescence intensity
decreases as EthBr is displaced from its complex with DNA. A G1-
ester; m G2-ester; ¢ G3-ester; @ G2-amide. Measurements in buffered
water at pH 7.4, with 2-[4-(2-hydroxyethyl) piperazin-1-ylJethanesulfonic
acid (HEPES; 2 mwm), ethylenediaminetetraacetic acid (EDTA;

0.05 mm), and NaCl (150 mm).

Converting the CEy, values into concentrations (Cs, values)
indicated that G1-ester binds at micromolar levels (13.8 um),
whereas for G3-ester, relatively low nanomolar amounts of
the dendron were required (78 nm). Normalizing the data to
yield the effective concentration per spermine unit demon-
strated a clear multivalency effect on DNA binding, with the
largest enhancement on going from G1-ester to G2-ester (15-
fold) with a smaller improvement on going from G2-ester to
G3-ester (3-fold). Importantly, G3-ester achieves effective
DNA binding with a total spermine loading of just over
0.6 pnm—significantly less than the typical millimolar amounts
of free spermine present in eukaryotic cells.

Gel electrophoresis was also used to provide complemen-
tary insight into DNA binding (Figure 4). However, on this
occasion, to obtain good electropherograms, the DNA used
was a pGL3 plasmid instead of standard calf thymus DNA.
Using this approach, Gl-ester exhibited much smearing at
higher dendron loadings, indicating that, although some DNA
binding was taking place, the DNA was not sufficiently well
condensed to fully prevent its migration. On the other hand,
compounds G2-ester and G3-ester were both able to prevent
migration of the DNA at relatively low loadings. G2-ester
fully retards DNA mobility in with a polyamine/DNA ratio of
0.6:1 w/w (approximately 0.33 nmol G2-ester; Figure 4),
whereas G3-ester condenses and stops the movement of
DNA completely with a ratio of 0.8:1 w/w (approximately
0.22 nmol G3-ester; Figure 4). Clearly, these results are in
agreement with G3-ester being a better DNA binder than G2-
ester in molar terms. The binding is slightly less effective than
that previously detected using G2-amide (retardation at
0.5:1 w/w, corresponding to 0.12 nmol)."™ Again this result
is in agreement with the EthBr displacement assay. These
studies therefore indicate that, irrespective of the DNA
binding assay employed, or the nature of the DNA being
bound, these new dendrons bind DNA very well, with G3-
ester being measurably more effective than G2-ester.
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Figure 4. Gel electrophoresis at increasing dendron/DNA ratio (w/w).
1 pg pGL3 DNA used per well. Ratios (polyamine/DNA, w/w):

lane 1, 0:1; lane 2, 0.02:1; lane 3, 0.04:1; lane 4, 0.06:1; lane 5, 0.08:1;
lane 6, 0.1:1; lane 7, 0.2:1; lane 8, 0.3:1; lane 9, 0.4:1; lane 10, 0.5:1;
lane 11, 0.6:1; lane 12, 0.7:1; lane 13, 0.8:1; lane 14, 0.9:1; lane 15, 1:1.

We also investigated the ability of the dendrons to
condense DNA as visualized by transmission electron micros-
copy (TEM). Condensed spherical aggregates were formed
on mixing higher generation dendrons with calf thymus DNA
(see the Supporting Information). These aggregates ranged in
size from approximately 100-1000 nm.

We then investigated the stability of these complexes
under physiologically relevant conditions. Fréchet and co-
workers reported that dendrons with this type of structure can
degrade on standing in aqueous solution.'"! In particular, they
reported that at pH 7.4, both ester and carbamate hydrolysis
occur over a time period of days, whereas at pH 5.0, ester
hydrolysis was no longer detected but carbamate hydrolysis
could still take place. We therefore wished to determine
whether this kind of degradation process could be used to
‘switch off’ multivalent binding, and convert these multivalent
dendritic ligands into smaller, more weakly binding frag-
ments.

We made a 10 um solution of G3-ester in 1,4-piperazine
bis(ethanesulfonic acid) buffer (PIPES; pH 7.4) and left it to
incubate at 37°C for the period of the experiment. At time
zero, we took a solution of DNA and EthBr and then added
sufficient dendron to displace approximately 50% of the
EthBr. At each time point (intervals of one day), we made up
an equivalent fresh solution of DNA/EthBr, to avoid any
potential problems which might arise from any instability of
this complex in solution, and then added the same amount of
G3-ester. In each case, we then monitored the ability of G3-
ester to bind DNA, as reflected in its ability to displace EthBr
and decrease fluorescence (Figure5). As a control, we
employed G2-amide, which has similar relative DNA binding
affinity to G3-ester. We reasoned that, because G2-amide is
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Figure 5. Experiment designed to assay the ability of the dendron to
release DNA on degradation. Ethidium bromide is used as a fluores-
cent probe of the availability of “free” DNA in solution.

composed of ether and amide linkages, it should be stable at
pH 7.4. The detected fluorescence intensity was plotted
against dendron incubation time (Figure 6). As can clearly
be seen, the fluorescence intensity on addition of G3-ester
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Figure 6. Effect of standing a solution of dendrons in pH 7.4 (PIPES)
buffer on the DNA binding ability as assayed by the EthBr displace-
ment assay. Graph (a) shows how G3-ester degrades over time, and
can no longer bind DNA (i.e., EthBr re-intercalates), whereas graph (b)
shows how G2-amide retains its strong DNA binding ability over the
course of the experiment.

clearly increased over time (Figure 6a), reflecting that after
incubation, this ligand was no longer able to effectively
displace EthBr from its complex with DNA. In other words,
the interaction between G3-ester and DNA was diminished.
We propose that this weakened interaction is a consequence
of the dendron being degraded at pH 7.4 on the time scale of
several days, in agreement with Fréchet’s previous studies.!""
On degradation of the dendron, the multivalent array of
ligands would be converted into smaller (mono-, di-, or
tetravalent) fragments. When this fragmentation occurs, we
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reason that the associated decrease in binding affinity
combined with the reversibility of DNA binding increases
the “off” rate and decreases the “on” rate for binding, which
would lead to the dendron being unable to bind the DNA,
which would undergo re-intercalation from the EthBr. In this
way, multivalency is “switched off”. In contrast, the fluores-
cence intensity detected on the addition of G2-amide varied
relatively little over time (within experimental error; Fig-
ure 6b). We propose that this demonstrates that this dendron
is stable in pH 7.4 buffer, and that the multivalent array of
spermine ligands retains its high-affinity DNA binding
properties for at least eight days.

We then performed the same experiment at pH 5.0 (2-
morpholinoethanesulfonic acid (MES) buffer). Under these
conditions with G3-ester, only very limited degradation
occurred (ca. 5% increase in fluorescence intensity), which
was somewhat surprising, as we had expected that, in analogy
with the previous data "4 although the esters are stable under
these conditions, the carbamates may hydrolyze, leading to
the release of monovalent spermine units. Unlike those in
Fréchet’s previous studies, however, our surface groups
(spermine) have significant amounts of positive charge, as a
result of protonation, which, we suggest, may change the pK,
of the C=0 group, thus hindering acid-promoted carbamate
cleavage. Clearly therefore, the degradation of these den-
drons is a pH-dependent process.

In summary, we have demonstrated for the first time that
using a chemically degradable dendron framework allows
multivalent binding to be switched off, with subsequent loss of
affinity for a biological target, in this case DNA. Such
degradable systems which exhibit temporary high-affinity
binding are of great potential interest, for example, in gene
therapy applications. Dendritic polyamines can persist in cells
and bind RNA within the cytoplasm after gene delivery.”
These results offer an approach by which this problem can be
avoided. In future work, we intend to optimize the structure
of these dendrons to enable effective gene delivery,'” an
approach we have previously successfully employed with our
Newkome-type amide—ether dendritic materials.”! We will
also characterize the dendron degradation products more
fully, explore the effect of pH, enzymes, and serum on
dendron stability, and elucidate the kinetics of the degrada-
tion process. In general, we propose that using temporary
multivalency effects, in the way outlined in this paper, offers a
unique and novel approach through which it is possible to
gain the benefits of high-affinity binding to biological targets,
with slow degradation of the dendron under biological
conditions helping to avoid longer term negative effects of
such high-affinity recognition, once the desired bio-interven-
tion is complete.
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