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ABSTRACT: Interactions of nitroxide-labeled polyamidoamine dendrimers of generations 2 and 6 (2SBD-T
and 6SBD-T, respectively) with double-stranded polynucleotides—Calf Thymus DNA (C.T.DNA), poly-
(deoxyadenylic—deoxythymidylic acid) (termed Poly(AT)), poly(deoxyguanylic—deoxycytidylic acid) (termed
Poly(GC)), and a double-stranded oligonucleotide of 12 base pairs (DNA-12mer)—were investigated by
EPR. Computer-aided analysis of the EPR spectra provided information on the mobility of the nitroxide
labels and their partition in different environments, which, in turn, gave information on the interactions
between dendrimers and polynucleotides. After complexes were formed between DNA and SBD, the labels
retained fast mobility at room temperature. On the basis of EPR analysis at 258 K, interaction of oligo-
or polynucleotides with SBDs decreased in the following order: DNA-12mer > C.T.DNA > Poly(GC) >
Poly(AT). Small dendrimers (2SBD-T) at low pH (5.5) showed significant interaction with the polynucle-
otides, which decreased with an increase in concentration due to self-aggregation of dendrimer molecules.
Conversely, interaction between large dendrimers (6SBD-T) and polynucleotides increased with an increase
in SBD concentration until saturation of the interacting sites occurred. Comparison with previous studies
on nSBD-T—vesicle systems indicated that interaction of dendrimers with vesicles is stronger than
dendrimer—polynucleotide interaction. This study provides some insights into dendrimer—DNA interac-
tions of particular interest in understanding the mechanism of gene transfer to mammalian cells by SBDs.
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Introduction

Supramolecular assemblies of nucleic acids and poly-
cationic macromolecules are important from the stand-
point of molecular recognition, biological transport, and
cell repair.1? Examples can be found in host—guest
interactions of DNA and histones, or DNA and sper-
midines, both of which serve a vital role in biological
processes such as DNA stabilization or drug delivery.
Synthetic polycationic macromolecules, such as den-
drimers, serve as mimics of naturally occurring macro-
molecules, i.e., histones and spermidines.

Starburst dendrimers (SBDs) are a novel class of
macromolecules possessing a well-defined molecular
composition and constitution whose structure is created
by stepwise attachment of layers, termed generations,
onto a central core.®* The SBDs used in our study, i.e.,
2SBD and 6SBD (Scheme 1), are generated from ami-
doamine units emanating from an ethylenediamine
(NH,—CH,—CH,—NHy>) core, terminated with amino
groups at the external surface.* These polyamidoamine
dendrimers were therefore termed PAMAM-SBDs.

Recent reports®8 that SBDs act as gene transfer
vectors to achieve highly efficient gene transfection in
a wide range of mammalian cell lines provide a compel-
ling motivation for basic scientific investigations in the
pairwise and three-way interaction of SBD, DNA, and
liposomes, the main components in this transfection
process.

* To whom correspondence should be addressed.
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An understanding of a complex process such as gene
transfection by means of the PAMAM-SBDs needs to
be investigated and clarified from several points of view,
by breaking the interacting system into simpler com-
ponents starting from binary systems (SBD/liposome,
SBD/DNA, or DNA/liposome, etc.) and by analyzing
interactions of the dendrimers with each component of
the models for the biosystem. Recently we have studied
interactions of PAMAM-SBDs with liposomes, which
mimic the structure of cell membranes.®1° Electrostatic
interactions occur between the dendrimer surface (which
is differently protonated) and negatively charged surface
groups of vesicles. However, vesicle structure is not
permanently perturbed by this interaction with den-
drimers, which accounts for the biocompatibility of the
SBDs.
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In this study we focus on an early, perhaps initial,
step in the gene transfection process, i.e., the interaction
of SBDs with polynucleotides. For most of our experi-
ments we used Calf Thymus DNA (C.T.DNA), which is
commonly employed as a representative and standard
polynucleotide. To investigate interactions with the
different base pairs constituting the DNA, we employed
poly(deoxyadenylic—deoxythymidylic acid) (termed Poly-
(AT)) and poly(deoxyguanylic—deoxycytidylic acid)
[termed Poly(GC)], which contain only adenine—thy-
mine base pairs or cytosine—guanine base pairs, re-
spectively. Finally, to investigate the mechanism of
binding of DNA with SBDs, a short sequence of 12 base
pairs (termed DNA-12mer) was used.

The SBDs used in our studies (Scheme 1) are expected
to interact electrostatically with the DNA bases. Thus,
SBD—DNA interactions should depend on the degree
of protonation of the external amino groups, which
increases with decreasing pH.1112 Therefore, we inves-
tigated the pH dependence of SBD—DNA interactions.

SBD—DNA interactions were studied by CW EPR
spectroscopy employing nitroxide radicals as spin-labels
(covalently bound to dendrimers), a technique demon-
strated previously to provide a powerful insight in
investigating biosystems.1314 These labeled dendrimers,
termed nSBD-T, where n indicates generation (either
2 or 6), have been used previously to investigate their
interactions with liposomes.®

Computer-aided analysis of the EPR spectra of spin-
labels!314 provides structural and mobility information
on the label and its environment. Computation was
carried out by means of the well-established procedure
developed by Schneider and Freed.* The following
main parameters were included in the calculation (by
means of a trial-and-error procedure, until the “best
fitting” between the experimental and computed pat-
terns was obtained). The principal components of the g
tensor (for the Zeeman coupling between the electron
spin and the magnetic field) were assumed constant: gyx
= 2.009, gyy = 2.006, g;; = 2.003; the hyperfine A tensor
components (for the coupling between the unpaired
electron spin and the nuclear nitrogen spin) of SBD-T
in water solution were found to be Axx =6 G, A,y =8 G,
Az; = 39 G. A decrease in environmental polarity of the
nitroxide usually induces a decrease in the Aj; compo-
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nents. A;; = 37.5 G was used in the computation for
the radicals interacting with polynucleotides, which
indeed indicated a small decrease of polarity in vicinity
of the DNA surface. Negligible variations were obtained
for the various systems under study. Therefore, the Aj
components are not henceforth discussed in this paper.
The diffusional rotational motion (assuming a Brownian
model) was considered anisotropic, supposing an axial
symmetry of the radicals. Therefore, parallel and per-
pendicular components of the correlation time for
rotational motion of the nitroxide group (7; and tp,
respectively) may be calculated. However, it is known14°
that, in the case of main rotation around the Z axis (the
direction of the p orbital containing the unpaired
electron), the perpendicular component is the main
mobility parameter. Therefore, we report in the present
study a 7. = 7 as the mobility parameter. (The accuracy
of 7, as obtained from spectral computation, is 5%.) The
partition of the probes in different environments, when
the exchange is slow in the EPR time scale, gave rise
to the superposition of different signals to constitute the
overall EPR line shape. A subtraction procedure of the
computed components from the experimental signal,
together with an addition procedure of the computed
components to reproduce the experimental signal, al-
lowed the extraction of parameters of each components.
The different percentages (relative intensities) of the
components were obtained by double integration of each
computed component which were added to each other
at the proper ratio to reproduce the experimental line
shape. The precision in the parameters decreased for
more than two components. Therefore, as an approxi-
mation, but supported by the model described in Scheme
2, the spectra analyzed in this study were assumed to
be constituted by two components, as a maximum.

Experimental Section

Calf thymus DNA, termed C.T.DNA (Sigma), was purified
by standard methods.® Synthetic double-stranded poly(deoxy-
adenylic—deoxythymidylic acid) (termed Poly(AT), approxi-
mate average length in base pairs, 1620; MW = 1 x 109)
(Pharmacia Biotech) and poly(deoxyguanylic—deoxycytidylic
acid) (termed Poly(GC), approximate average length in base
pairs, 1257, MW = 8.2 x 10° (Pharmacia Biotech) with
alternating base pairs were used as received. The synthetic
double-stranded oligonucleotide of 12 base pairs with a
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sequence 5'-CGCGTTAACGCG-3' (termed DNA-12mer) from
Memorial Sloan-Kettering Cancer Center was used as re-
ceived. The polynucleotides were suspended in a phosphate
buffer solution (10 mM phosphate, 100 mM NacCl, pH = 7.5)
and stirred for 1 h. Concentrations of polynucleotides were
determined by UV-—vis spectroscopy and given in terms of
bases.

PAMAM-SBDs were synthesized as described elsewhere.*
Purification of the dendrimers was accomplished from subse-
guent precipitation, and their purity was determined by mass
spectrometry.1® The structural parameters of 2SBD and 6SBD
are as follows:

mol wt surface spherical diameter
dendrimer (g/mol) groups (SECin A)
2SBD 3256 16 29
6SBD 58048 256 67

Labeling of the dendrimers (nNSBD-T) was accomplished em-
ploying a modified method used by Pauly et al. for labeling
DNA-nucleosides.'” To a solution of 2 mmol (in surface groups)
of nSBD in 20 mL of 0.01 M NazBO3 (Aldrich) was added 0.05
mmol of 4-(2-iodoacetamide)-Tempo (Aldrich) in 1 mL of DMF
and stirred for 6 h at room temperature. The mixture was then
extracted six times with methylene chloride and hexane to
remove the free Tempo. For further purification, dialysis in
water was used employing Spectra/Por cellulose ester mem-
branes from Spectrum Medical Industries, Inc. (MWCO 10 000
for 6SBD-T; MWCO 2000 for 2SBD-T). The labeling grade was
evaluated as 1 label for approximately 50 surface amino groups
of SBD. The reaction scheme is as follows:

o
NH,  + |\/kN N_O
’!' >
T o
N
H

Water solutions of 2SBD-T and 6SBD-T were prepared at a
concentration of 0.1 M in surface amino groups. Unless
otherwise specified, concentration of the SBD solutions is in
surface groups. The solutions were stored under nitrogen to
avoid oxidative degradation and kept in the refrigerator when
not used. Different levels of protonation of the surface amino
groups were accomplished by adding controlled amounts of
diluted HCI (0.05 M, Merck). The final pH, after addition of
polynucleotides, ranged between 8 and 5.5. The acid—base
properties of the SBDs were determined in a previous study.'?
It has been found that at pH = 8 the external layer of amino
groups is almost completely protonated, whereas at pH = 5.5,
protonation of the subsequent (second layer) amino groups is
accomplished. The more highly protonated-SBD-T (pH = 5.5)
will henceforth be termed nSBD-T™, to distinguish it from the
less protonated form (pH = 8). In a series of measurements,
the solutions were taken at the same pH; pure nSBD-T
solutions were also prepared in the same buffer as in the
presence of polynucleotides.

The dendrimer solutions were added to the polynucleotide
solutions in order to obtain final concentrations between 0.01
and 0.05 M of nSBD-T and 1 mM of the polynucleotides.

EPR spectra were recorded on a Bruker 200D spectrometer
operating at X band (9.5 GHz), interfaced with Stelar software
to an IBM PC computer for data acquisition and handling. At
least five scans of 2028 points each (sweep width 100 G) were
accumulated. (The number of scans increased up to 30—50 for
low-intensity spectra.) Field modulation and microwave power
were settled at 0.8 G and at 20.9 mW, respectively. The
temperature was controlled with the aid of a Bruker ST 100/
700 variable-temperature assembly.
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Figure 1. CW EPR spectra recorded at 298 K for (a) 6SBD-
T+ 0.05 M, (b) 6SBD-T 0.01 M, (c) 6SBD-T 0.05 M, and (d)
2SBD-T 0.01 M, respectively, in the absence (solid lines) and
presence (dashed lines) of C.T.DNA. The spectra of each pair
(with and without C.T.DNA) are normalized in the central
hyperfine line. The pH of the solutions was 8 for nSBD-T and
5.5 for nSBD-T™.

UV—vis measurements were performed on a Hewlett-
Packard 8452A diode array spectrometer.

Results and Discussion

To explain the results, we refer to Scheme 2, which
describes the conditions of the system under which the
experimental analysis was carried out in the present
study and clarifies the kind and extent of information
obtained from EPR analysis:

The paradigm to be investigated is the equilibrium
reaction giving rise to SBD—DNA adducts. To simplify,
we describe the interaction with DNA which may be a
polynucleotide or a oligonucleotide. We may identify
three different physical conditions for the nSBD-Ts in
water solutions in the presence of DNA in the experi-
mental conditions of the present study: (a) “completely
free” dendrimers far from the DNA surface, (b) “es-
sentially free” (weakly bound and interacting) dendrim-
ers in the vicinity of the DNA surface, and (c) dendrim-
ers “significantly interacting” with DNA eventually
wrapped up by DNA loops.

At room temperature, the EPR spectra are character-
ized by the usual three-line signals found for free
nitroxides in solution in the “fast motion” limit. Ex-
amples are given in Figure 1, showing experimental
EPR spectra for 2SBD-T (0.01 M), 6SBD-T (0.01 and
0.05 M), and 6SBD-T* (0.05 M) in the absence (solid
lines) and in the presence (dashed lines) of C.T.DNA at
298 K. The small chain connecting the nitroxide to the
dendrimer surface allows fast rotation with a correlation
time for rotational motion 7. about 10~1° s. By comparing
spectra in the absence of DNA (solid lines), it is evident
that the low generation dendrimer (2SBD-T, 0.01 M)
showed faster mobility (z, = 1.2 x 10719 s) than the high-
generation dendrimer (6SBD-T, 0.01 M, . = 3.0 x 10710
s). The mobility increased slightly by increasing the
6SBD-T concentration from 0.01 to 0.05 M (z. from 3.0
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x 10710 t0 2.6 x 10719 s). Finally, the more protonated
(pH = 5.5) high-generation dendrimer (6SBD-T™, 0.05
M) showed faster mobility (z. = 2.0 x 10719 s) than the
less protonated dendrimer at pH 8 (6SBD-T, 0.05 M, 7,
= 2.6 x 107195s). In the adducts formed by adding DNA
to the dendrimers, the labels are expected in slow
motion conditions, but as also shown in Scheme 2, both
fast exchange of the dendrimers among different local-
izations, at different distances from DNA surfaces, and
a large fraction of “free” dendrimers gave rise to an
average correlation time for motion, still in fast motion
conditions. An increase of 7. from 3.0 x 10710 s for
6SBD-T (0.01 M) without DNA (solid line) to 4.4 x 1010
s with C.T.DNA (dashed line) confirms at least a weak
dendrimer—C.T.DNA interaction. Similar results were
found for the interaction of nSBD-T with vesicles.?

The variation in concentration of both the dendrimer
and the DNA in a large range of concentrations slightly
modified the mobility (results not shown), indicating
that the distribution of the dendrimers in the different
regions depicted in Scheme 2 holds at both low and high
concentrations.

Addition of C.T.DNA to 6SBD-T* (0.05 M) caused a
decrease in rotational motion of the label (z. about 5 x
10710 s) and significant line broadening in the EPR
spectrum. Such line broadening is usually caused by an
increase in local concentration of the labels. We suggest
that the interactions of the dendrimers with DNA
facilitated the contact and collisions of the dendrimers
themselves (spin—spin interactions producing line broad-
ening).

By adding the dendrimers to the C.T.DNA solutions,
a precipitate could be readily detected by visual inspec-
tion. However, this observation was not reflected by a
significant change in the EPR spectra; i.e., the EPR
spectra indicated that the labels remain mobile in the
absence and presence of C.T.DNA.

To provide evidence of the SBD—DNA interactions,
we adopted a “freezing” procedure as follows: the
dendrimers that are far from the DNA surface and not
affected by this surface itself behave as a salt in solution
upon freezing. This means that this “free” dendrimers
(the salt) separate from the ice-forming water at the
characteristic freezing temperature of this salt solution
(Scheme 2). In the dendrimer cluster formed upon
freezing, the microcrystalline distribution of orientations
of the magnetic tensors, together with strong spin—spin
interactions, resulted in a lack of the correspondent EPR
signal. The remaining dendrimers, whose labels con-
tribute to the EPR signal, do not belong to the frozen
solution. The “not freezing” solution shows a glass
transition due to a modification of the water properties,
which, in turn, are attributed to the DNA—dendrimer
interactions. The “not interacting” dendrimers in the
frozen solution were quantified by the decrease in signal
intensity (evaluated from double integration of the
spectra) upon freezing. For instance, only about 20% of
the labels remained “visible” after the freezing transi-
tion of the 6SBD-T—C.T.DNA solution. This amount
increased to about 40% for 2SBD-T—C.T.DNA at low
dendrimer concentration (0.01 M), but it considerably
decreased (down to 10%) at high 2SBD-T concentration
(0.05 M), which presupposes self-aggregation of the
dendrimer macromolecules. For 6SBD-T" (pH = 5.5) the
frozen fraction was negligible; presumably, the structure
of the water was modified by the positive charge of the
dendrimer surface, and the solution with “free” den-
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Figure 2. EPR spectra of a 2SBD-T (0.01 M)—C.T.DNA (1
mM) mixture recorded at various temperatures: 298 K (a),
the temperature was decreased to 272 K (b), and 258 K (c).
Afterward the temperature was increased to 273 K (d) and
277 K (e).

drimers far from the DNA surface could not freeze (glass
transition). For 2SBD-T™, only 50—60% of the labels
remained after freezing. The lower charge density of the
dendrimer surface, due to the open structure of the
2SBD-T* dendrimers,8 affected the hydration water
properties much less than 6SBD-T™.

The validity of this “freezing” process presupposes
that dendrimer—polynucleotide interaction and struc-
tures are not perturbed by freezing, and at least the
local configuration of the interacting sites remains intact
at low temperature. This has been already assumed for
biostructures upon rapid freezing of their solutions.19.20
Below the freezing transition, the spin-labels attached
to “not frozen dendrimers” (corresponding to those of
“free” SBDs close to DNA and “interacting” SBDs
(Scheme 2)) showed the gradual immobilization with the
decrease in temperature, which is usually found for
glass transitions. As an example, Figure 2 shows the
EPR spectra recorded at various temperatures for
2SBD-T (0.01 M) with C.T.DNA (1 mM). Starting from
298 K, the temperature was lowered to the transition
(freezing) temperature; after a further decrease down
to 258 K, the temperature was again increased, and
spectra were recorded at higher temperatures. (Spectra
at 273 and 277 K are reported as examples in Figure
2.) The spectral conditions found at the beginning of the
process (room temperature) were restored by rising the
temperature to the same initial temperature. The
transition temperature was about 265—267 K for all
samples (results not shown), with the exception of
samples containing C.T.DNA (example given in Figure
2), for which the transition temperatures of diluted
solutions were much higher, almost the same as for pure
water (270—272 K). The heterogeneity of the den-
drimer—C.T.DNA mixture accounts for the high transi-
tion temperature, i.e., freezing transition involves the
free dendrimers which negligibly interact with C.T.D-
NA. These free dendrimers at low concentration are well
separated from the dendrimers involved in the gel
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formation with C.T.DNA. Therefore, the portion of the
solution containing free dendrimers behaves as pure
water.

Comparison among the various nSBD-T—polynucle-
otide systems was accomplished at 258 K: the good
resolution of the spectral features at this temperature
allowed, by means of spectral computation, an easy
differentiation among the various systems (dendrimers
at different protonation extent, interacting with the
various polynucleotides). Figure 3 shows the EPR
experimental spectra (solid lines) at 258 K for 6SBD-T
in the presence of the various polynucleotides, at two
concentrations, 0.05 M (Figure 3a) and 0.01 M (Figure
3b), and for 6SBD-T* (0.05 M) in the presence of the
various polynucleotides (Figure 3c). Figure 4 shows the
EPR experimental spectra (solid lines) at 258 K for
2SBD-T (Figure 4a) and for 2SBD-T* (Figure 4b), both
at a concentration of 0.05 M, in the presence of the
various polynucleotides. The dashed lines, superimposed
on the experimental spectra, are the spectra computed
by means of the program of Schneider and Freed.'** The
spectra of Poly(GC) and C.T.DNA in Figure 3b were
computed with the same parameters (same dashed line
between the two spectra). The sharp line which becomes
evident in low-intensity spectra, such as the spectra of
C.T.DNA and Poly(AT) in Figure 3b, at about 3370 G,
arose from the reference (diphenylpicrylhydrazine =
DPPH; g = 2.0036) introduced in the EPR cavity in
several measurements to evaluate the magnetic param-
eters. In some cases the computation did not produce a
good fitting with the experimental signal, even if
obtained after accurate analysis and many calculation
attempts. This is expected on the basis of the limits of
the calculation procedure and, mainly, on the ap-
proximations assumed in the computation, such as the
number of spectral components constituting the overall
signal or the invariance of the magnetic parameters. As
described in the Introduction, the main parameters
extracted from the computation, which were chosen to
provide information on the SBD—DNA interactions
(mainly to differentiate the various systems from each
other), were the correlation time for rotational motion
and the relative percentages of the components contrib-
uting to the spectra. These parameters are listed in
Table 1 for the “interacting component” of the spectra
in Figures 3 and 4.

The occurrence of interactions between dendrimers
and polynucleotides is confirmed by comparing the
spectra for the various polynucleotides in Figures 3 and
4 and the corresponding parameters in Table 1. The
following information was extracted from spectral analy-
sis:

(1) The EPR signal consists of two components. This
result is consistent with the working description in
Scheme 2, which assumes that two fractions of SBDs
underwent to glass transition by lowering the temper-
ature, i.e., “essentially free” SBDs close to DNA and the
SBDs “interacting” with DNA. Accordingly, the first
component showed the same mobility conditions for all
systems, that is, 7. = 2.3 x 1079 s, with the exception of
those systems containing 6SBD-T™, for which the first
component had 7, = 1.4 x 1079 s. The difference in 7,
between 6SBD-T and 6SBD-T™ reflects the difference
already found for dendrimers in solution in the absence
of DNA at room temperature. A high degree of proto-
nation prevents the label from interacting with neigh-
boring unprotonated amino groups at the dendrimer
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Figure 3. Experimental EPR spectra (solid lines) at 258 K
of 6SBD-T and 6SBD-T" in the presence of the various
polynucleotides: (a) 6SBD-T 0.05 M, (b) 6SBD-T 0.01 M, and
(c) SBD-T* 0.05 M. The dashed lines, superimposed on the
experimental spectra, are the simulated spectra.
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Figure 4. Experimental EPR spectra (solid lines) at 258 K
of 2SBD-T (a) and 2SBD-T™ (b), both at a concentration of 0.05
M, in the presence of various polynucleotides. The dashed
lines, superimposed on the experimental spectra, are the
simulated spectra.

surface, and therefore, the mobility of the probe in-
creases. The second component showed a higher cor-
relation time for motion, which changed from one
system to another, together with its relative percentage.
This second component is therefore called an “interact-
ing component” and is diagnostic of the interacting
ability (mainly electrostatic or dispersion force interac-
tions) of the various polynucleotides toward the den-
drimer surface.

(2) DNA-12mer interacted more strongly with nS-
BD-T than C.T.DNA and the other polynucleotides, on
the basis of both the lower mobility and the higher
fraction of radicals involved in the interaction. This can
be explained by the short length of the DNA-12mer
(approximately 42 A) compared to the other polynucle-
otides. Both the length of the DNA-12mer and the
diameter of the SBDs (see Scheme 1) are on the same
order of magnitude. Especially in the case of 6SBD-T,
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Table 1. Percentages and Correlation Times of the
“Interacting Component” for the Various
nSBD-T—Polynucleotide Systems at 258 K2

SBD SBD], M olynucleotide H % 7¢(x10%s
[ ] poly p

6SBD-T 0.05 DNA 12-mer 8 93 8
6SBD-T 0.05 C.T. DNA 8 93 7.5
6SBD-T 0.05 Poly(GC) 8 93 7
6SBD-T 0.05 Poly(AT) 8 75 6.5
6SBD-T 0.01 DNA 12-mer 8 98 8
6SBD-T 0.01 C.T. DNA 8 75 6.5
6SBD-T 0.01 Poly(GC) 8 75 6.5
6SBD-T 0.01 Poly(AT) 8 65 6
6SBD-T+ 0.05 DNA 12-mer 4 50 4.5
6SBD-T+ 0.05 C.T. DNA 55 50 7
6SBD-T+ 0.05 Poly(GC) 55 50 55
6SBD-T+ 0.05 Poly(AT) 55 50 5
2SBD-T 0.05 DNA 12-mer 8 85 55
2SBD-T 0.05 C.T. DNA 8 75 5
2SBD-T 0.05 Poly(GC) 8 30 5
2SBD-T 0.05 Poly(AT) 8 30 5
2SBD-T+ 0.05 DNA 12-mer 55 77 5
2SBD-T+ 0.05 C.T. DNA 55 80 55
2SBD-T+ 0.05 Poly(GC) 55 70 45
2SBD-T+ 0.05 Poly(AT) 55 60 45

aSee Schemes 2 and 3 for interpretation. ® Percentage of
“interacting component” which corresponds to the slower-motion
component in the remaining EPR signal after freezing out of the
“completely free” SBD; accuracy 5%. ¢ Accuracy 5%.

it is likely that not more than one SBD molecule can
interact with one molecule of DNA-12mer. But the
situation should be different for the long polynucle-
otides, which possess more than 1000 base pairs. At the
high SBD concentrations used for our studies, many
SBD molecules will be involved in the interaction with
one DNA molecule. The SBDs might hinder each other,
causing a weaker interaction with the DNA backbone.
This SBD concentration effect is currently under de-
tailed investigation and will be the subject of an
upcoming publication.

(3) Only a small DNA base component selectivity was
observed. The interacting ability decreases slightly in
the order of C.T.DNA, Poly(GC), and Poly(AT). It is
known that alternating self-complementary Poly(AT)
denatures locally on its double helix below the melting
transition.?122 This locally denatured structure could
reduce the interaction with the SBD.

(4) Both the correlation time for motion and the
relative percentage of “interacting component” were
lower in the case of 6SBD-T* (pH = 5.5) with respect to
6SBD-T (pH = 8) for all polynucleotides. The decrease
in the correlation time for motion for the dendrimer—
polynucleotide systems reflected the decrease found in
the absence of polynucleotides. The relatively low
percentage of “interacting” component for 6SBD-T* was
expected, since some “free” dendrimers did not undergo
freezing transition and still contributed to the EPR
spectra at low temperatures.

(5) In contrast, for 2SBD-T, protonation gave rise to
a larger fraction of “interacting” labels (for all poly-
nucleotides studied, with the exception of DNA-12mer).
In the latter case, freezing was more efficient in
eliminating the fraction of free labels (free dendrimers).
Furthermore, the small generation SBDs are known to
form clusters.2® Higher protonation (pH = 5.5) prevents
the cluster formation and provides a higher concentra-
tion of the dendrimers to interact with the polynucle-
otides.

(6) As a consequence of cluster formation for 2SBD-
T, and mainly for the similarity in size and shape
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between 6SBD and histones, 6SBD-T resulted in more
interaction with polynucleotides than did 2SBD-T. For
more protonated dendrimers the trend was reversed;
i.e., a higher percentage of labels in 2SBD-T" was
involved in interactions with the polynucleotides when
compared to 6SBD-T™. This is consistent with the open
structure of the small dendrimers, conferring a higher
freedom of interaction between the protonated amino
groups of the dendrimers, even from the internal layer,
and the basic DNA groups. On the other hand, the
protonated amino groups in the more densely packed
surface structure of 6SBD-T™ were poorly available to
the interaction. Furthermore, higher protonation of the
large dendrimers is expected to partially swell the
dendrimers and thereby increase the mobility of the
labels.

(7) The SBD—polynucleotide interaction strength and
the percentage of interacting labels are expected to
increase with increasing SBD concentration. This effect
mainly holds for 6SBD-T, whereas for 2SBD-T the effect
may be largely compensated by self-aggregation of the
dendrimer macromolecules. Experimentally, it was
found that the increase in 7. and percentage of the
interacting component reached a maximum at a certain
concentration, which was different for the various
systems and indicated a “saturation condition” of the
interacting sites of the polynucleotides (results not
shown).

In summary, we need to consider competitions among
different kinds of interactions: dendrimer—polynucle-
otide, dendrimer—dendrimer (intramolecular interac-
tions among the surface groups onto the same macro-
molecule), dendrimer—dendrimer (intermolecular inter-
actions among different macromolecules), dendrimer—
water and buffer components. The dendrimer—den-
drimer interactions are responsible for the rather low
mobility which was also found in the absence of the
polynucleotides.

These results on Tempo-labeled dendrimers and poly-
nucleotides provide some insight into these systems
from the “dendrimer point of view”. It is of interest that
there is good agreement between these results and those
obtained in a recent study?* using a DNA intercalator,
ethidium bromide, as a fluorescent probe to investigate
DNA—dendrimer interaction from the “DNA point of
view”. Both studies have found that the interaction with
polynucleotides favors high-generation rather than low-
generation dendrimers, and interaction increases with
concentration until saturation of the interacting sites.
These results provide further support to the present
conclusions.

It is noteworthy that the EPR line shapes (and,
therefore, the mobility conditions) at 258 K for nSBD-
T—polynucleotide systems are largely comparable to
EPR line shapes found at 277 K (the temperature rises
after the freezing transition) for nSBD-T—vesicle sys-
tems.® This means that at least the local direct interac-
tion between the labels and surface groups of the
biostructures is stronger for the vesicles than for the
polynucleotides. Also, the spectra of the nSBD-T—vesicle
systems in ref 9 show a variation of both the A;; values,
and the main rotation axis changed from one system to
another. Conversely, the computation of the spectra for
the various dendrimer—polynucleotide systems was
accomplished by using the same A;; values and main
rotation axis for all systems. Therefore, labels interact-
ing with the vesicles were more perturbed in their
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Scheme 3

CT-DNA
environment than those interacting with the polynucle-
otides.

Conclusions

Aqueous solutions of nitroxide-labeled polyamino-
amine dendrimers of generations 2 and 6 (2SBD-T and
6SBD-T, respectively) containing double-stranded poly-
nucleotides, including Calf Thymus DNA, Poly(AT), and
Poly(GC), and an oligonucleotide of 12 base pairs (DNA-
12mer) were investigated to probe interactions between
SBDs and DNA of interest in gene transfection in cell
lines.

Computer-aided analysis of the EPR spectra of the
nitroxide labels provided information on the mobility
conditions of the labels and their partition in different
environments, which, in turn, provides indirect infor-
mation on the interacting abilities of dendrimers and
polynucleotides.

As indicated in Scheme 2, room-temperature spectra
showed a high mobility of the labels. Spectral analysis
showed that, by lowering the temperature, a freezing
transition excluded from EPR spectra the fraction of free
dendrimers that are far from the DNA surface. The
freezing temperature of this free dendrimer fraction,
which separated from the SBD—C.T.DNA gel adducts,
was almost equivalent to that of pure water. Compari-
son of the various systems at a selected temperature
indicated that the interacting ability with SBDs was in
the order DNA-12mer > C.T.DNA > Poly(GC) > Poly-
(AT). DNA-12mer was postulated to interact more
strongly than polynucleotides because of its short
length. However in the case of the long polynucleotides,
the SBD molecules involved in the complex with one
polynucleotide molecule could hinder each other.

Scheme 3 summarizes the conclusions on the basis
of dendrimer size and level of protonation of the surface
amino groups:

(1) DNA can “wrap” around 6SBD-T better than
2SBD-T, due to the differing size, distribution, and
mobility of the interacting surface groups. Furthermore,
the surface groups of small dendrimers are more mobile
than those of large dendrimers, due to the open struc-
ture of the small SBDs (larger entropy).

(2) Higher protonation of the large dendrimers ap-
parently decreased the interaction with DNA. Partial
swelling of the dendrimer structure is expected upon
electrostatic repulsion of the charged surface groups,
which increased mobility. Nevertheless, despite this
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destabilization at the local level (interacting sites),
globally the interaction is expected to be stronger for
more protonated dendrimers due to the electrostatic
attraction with the DNA base pairs.

(3) On the other hand, higher protonation of small
dendrimers increased the interaction with DNA, due to
the large flexibility of the 2SBD-T* structure, which
allows for greater electrostatic interaction with the DNA
surface of the more internally protonated surface groups.
Therefore, protonated small dendrimers showed signifi-
cant interaction with the polynucleotides, which, how-
ever, decreased with an increase in SBD concentration,
due to competing self-aggregation of the dendrimer
molecules. Conversely, interaction between large den-
drimers (which do not self-aggregate) and polynucle-
otides increased with an increase in SBD concentration
until saturation of the interacting sites.

By comparing the results from the present study with
those obtained from SBD—vesicle systems, we obtained
evidence of a preferential interaction of nSBD-Ts with
vesicles vis-a-vis polynucleotides. Also, it is interesting
to note the comparison between results obtained from
this work and those obtained in a similar study on
dendrimer—polynucleotide interactions by means of a
fluorescent probe.2* Further studies are in progress to
clarify the gene transfection mechanism of SBDs.
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