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Introduction

The fabrication of highly monodisperse macromolecules
with structural anisotropy is an important requirement for
achieving materials with predictable complex structures and
functions.[1] Recent years have witnessed rapid develop-
ments in the synthesis of anisotropic particles, and conse-
quently a rich toolbox of materials with tunable properties
is now available.[2] Further variation of these building blocks
equipped with “adhesive patches” has considerably expand-
ed the structural variety of possible self-assemblies.[3–6] Much
of the recent interest has focused on the assembly of syn-
thetic materials and, therefore, biohybrid materials have re-
ceived less attention.

Biological systems can offer a vast repository of building
blocks already developed by nature that can be functional-
ized further by attaching synthetic molecules to their surfa-
ces.[7–13] Herein, we report a protein particle functionalized
with a DNA adhesive unit that consists of a photoresponsive
Newkome-type polyamine dendron with multiple spermine
surface groups (Figure 1). Dendritic systems are of particu-

Abstract: Experimental studies and
molecular dynamics modeling demon-
strate that multivalent dendrons can be
used to temporarily glue proteins and
DNA together with high affinity. We
describe N-maleimide-cored polyamine
dendrons that can be conjugated with
free cysteine residues on protein surfa-
ces through 1,4-conjugate addition to
give one-to-one protein–polymer con-
jugates. We used a genetically engi-
neered cysteine mutant of class II hy-
drophobin (HFBI) and a single-chain
Fragment variable (scFv) antibody as
model proteins for the conjugation re-
actions. The binding affinity of the pro-

tein–dendron conjugates towards DNA
was experimentally assessed by using
the ethidium bromide displacement
assay. The binding was found to
depend on the generation of the den-
dron, with the second generation
having a stronger affinity than the first
generation. Thermodynamic parame-
ters of the binding were obtained from
molecular dynamics modeling, which
showed that the high binding affinity

for each system is almost completely
driven by a strong favorable binding
enthalpy that is opposed by unfavor-ACHTUNGTRENNUNGable binding entropy. A short exposure
to UV (l�350 nm) can cleave the pho-
tolabile o-nitrobenzyl-linked binding li-
gands from the surface of the dendron,
which results in loss of the multivalent
binding interactions and triggers the re-
lease of the DNA and protein. The
timescale of the release is very rapid
and the binding partners can be effi-
ciently released after 3 min of UV ex-
posure.

Keywords: dendrimers · DNA ·
multivalency · protein modifica-
tions · self-assembly

[a] Dr. M. A. Kostiainen
Department of Engineering Physics
Helsinki University of Technology
P.O. Box 2200, 02015 HUT, Espoo (Finland)

[b] Dr. M. A. Kostiainen
Current address: Institute for Molecules and Materials,
Radboud University Nijmegen
Toernooiveld 1, 6525 AJ Nijmegen (The Netherlands)
Fax: (+31) 24-36-53393
E-mail : m.kostiainen@science.ru.nl

[c] J. Kotimaa, Dr. M.-L. Laukkanen
VTT Biotechnology
Tietotie 2, P.O. BOX 1500, 02044 VTT (Finland)

[d] G. M. Pavan
Mathematical and Physical Sciences Research Unit
University for Applied Sciences of Southern Switzerland
Centro Galleria 2, Manno 6928 (Switzerland)

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.201000091.

� 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 6912 – 69186912



lar interest as multivalent ligand displays because the inher-
ent branching of the scaffold means that the dendritic sur-
face groups naturally form a well-defined multivalent
array.[14] Such an array can interact with its binding partner
with high affinity.[15–18] Using light as an external stimulus to
control the binding interactions of the dendron provides
special advantages, such as being highly orthogonal and
quick and easy to apply; most importantly, it allows spatio-
temporally precise control over the release event.[19–22]

DNA-binding and -releasing
dendrons are particularly inter-
esting in gene-delivery applica-
tions due to their ability to fa-
cilitate gene transfection.

Herein, class II hydrophobin
(HFBI) from Trichoderma ree-
sei was chosen as the protein
part.[23–26] HFBI has a very un-
usual amphiphilic structure in
which approximately half of its
hydrophobic amino acid side-
chains form a hydrophobic
patch that is exposed on the
protein surface. HFBI can,
therefore, be regarded as a
mesoscale surfactant protein
that can form various structures
through spontaneous self-as-
sembly.[27] Furthermore, meso-
scale surfactants exhibit very in-
teresting properties in hydro-
phobic assembly in general.[28]

To demonstrate the flexibility
of our approach, we also stud-
ied an anti-Human Epidermal
growth factor Receptor 2
(HER2) single-chain Fragment
variable (scFv) antibody for the
conjugation reactions. These
types of antibody fragments are
interesting targeting ligands due
to the fact that many cancer
types overexpress HER2 on
their surfaces and because the
antibody binding to HER2 can
cause endocytosis of the recep-
tor, thus actively delivering an
antibody-conjugated payload
inside the cell.

We have previously reported
a series of different Newkome-
type dendrons with spermine
surface groups capable of bind-
ing DNA with high affinity.[29, 30]

The dendrons were further
modified to allow their site-spe-
cific conjugation on protein sur-

faces and were shown to act as high-affinity DNA adhesion
patches.[31,32] HFBI functionalized with a second-generation
spermine dendron was biocompatible and could promote
gene transfection in vitro. Finally, we have developed multi-
valent dendrons that can be degraded with light,[33] pH
changes,[34] or reduction[35] to trigger DNA release in a con-
trolled manner. We present a feasible method to prepare
anisotropic protein–dendron conjugates in which the den-
dron can be degraded with optical stimuli. Importantly, we

Figure 1. Strategy for the temporary adhesion of proteins to DNA. a) Optically degradable dendrons used for
protein conjugation and subsequent DNA binding. b) Schematic representation of the photolytic reaction.
c) Symbols key. d) Preparation of protein–dendron conjugates. e) Schematic illustration of the assembly and
disassembly process. Photosensitive dendrons bind DNA through electrostatic interactions and “glue” the pro-
teins to the surface of DNA. UV exposure induces the controlled decomposition of dendrons, which results in
loss of the multivalent interactions and release of the DNA.
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show that the DNA binding and adhesion of proteins on
DNA is fully reversible.

Results and Discussion

Optically degradable dendrons with an N-maleimido group
at the focal point (pllG1 and pllG2 ; Figure 1a) were synthe-
sized and characterized by standard methods (see the Sup-
porting Information). The dendrons consist of a Newkome-
type branching scaffold that is functionalized with multiple
spermine ligands. Each of the spermine ligands is attached
to the scaffold by an o-nitrobenzyl linker that can be
cleaved by UV light to destroy the multivalent binding sur-
face. A N-maleimido group at the focal point of dendron is
ideal for protein functionalization because it is known to
react selectively with free cysteine sulfhydryl groups through
1,4-conjugate addition under mild aqueous conditions. How-
ever, native HFBI does not offer free cysteine residues for
site-specific conjugation. Therefore, site-directed mutagene-
sis was used to construct a protein variant of HFBI with a
free sulfhydryl group (HFBIC), which can react with the
dendron. The HFBIC protein variant was produced in its ho-
mologous production host T. reesei and purified from the
fermentation biomass to give a partially oxidized covalent
protein dimer that was subsequently reduced to protein
monomers with dithiothreitol. Protein–dendron conjugates
were finally assembled by Michael addition reactions be-
tween the free cysteine of the protein and the N-maleimido
group of the dendron (Figure 1d). To demonstrate the gen-
erality of our approach, another cysteine-modified protein,
scFvC, was prepared by using a similar approach (see the
Experimental Section).

HFBIC conjugates were purified by using semi-preparative
reversed-phase high-performance liquid chromatography
(RP-HPLC) by monitoring l= 230 and 380 nm. Absorption
at l= 380 nm originates from the o-nitrobenzyl functionality
and is specific for the dendrons. RP-HPLC chromatograms
for both HFBIC–pllG1 (see the Supporting Information) and
HFBIC–pllG2 (Figure 2a) reaction mixtures show the highest
peak with a retention volume (Vret) of around 115 mL. This
peak clearly shows absorption at both of the monitored
wavelengths, indicating the presence of the conjugate, which
was further supported by matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF) mass spectrometry
(see the Supporting Information). Peaks with Vret�115 mL
were fractionated, pooled, and lyophilized to give the prod-
ucts as slightly yellow solids. The high purity of the final
products was confirmed by analytical HPLC, which shows a
single peak for both compounds (Figure 2b).

The DNA binding and release properties of the conju-
gates were initially studied with an ethidium bromide
(EthBr) displacement assay at physiologically relevant con-
ditions (pH 7.2, 150 mm NaCl). For comparison the binding
was also studied at 9.4 mm NaCl. This assay utilizes the com-
petition between the DNA binding ligands and EthBr to-
wards binding of DNA. EthBr exhibits intense fluorescence

when bound to DNA; however, its fluorescence is quenched
when it is displaced from the DNA by a DNA-binding
ligand. Binding values are best described by CE50 values
(see the Experimental Section), which indicate the nominal
dendron charge excess that causes a 50 % decrease in fluo-
rescence intensity.

Compounds HFBIC–pllG1 and HFBIC–pllG2 both show
good DNA-binding affinity at both salt concentrations, and
are able to displace EthBr from DNA due to strong electro-
static interactions between the dendron and the polyanionic
DNA (Figure 3 and Table 1). In the presence of 9.4 mm

NaCl, both HFBIC–pllG1 and HFBIC–pllG2 are able to bind
DNA in similar manner with extremely high affinity, and
the CE50 value for both compounds is 0.6. The binding affin-
ity of scFvC–pllG1 (CE50 =1.3, see the Supporting Informa-
tion) is lower than that of the hydrophobin conjugates. A
lower affinity might be expected because the size of the
scFvC (�29 kDa) is much larger than that of the HFBICACHTUNGTRENNUNG(�9 kDa). The binding affinity of an individual spermine
ligand is considerably weaker (CE50 =6), and unmodified
HFBI fails to interact with DNA (CE50>200). Therefore, no
quenching of the fluorescence is observed. In the presence
of 150 mm NaCl, spermine and HFBIC are unable to bind
DNA due to the lack of sufficient electrostatic interactions
and consequently fluorescence quenching is not observed.
In contrast, the multivalent dendron conjugates are less ad-
versely affected by the increase in NaCl concentration. The

Figure 2. Analytical data for protein–dendron conjugates: a) Semiprepar-
ative HPLC chromatogram of the HFBIc–pllG2 reaction mixture. The
peak corresponding to HFBIC–pllG2 is marked with an asterisk. b) Ana-
lytical HPLC chromatogram of purified HFBIC–pllG1 and HFBIC–pllG2.
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CE50 values for HFBIC–pllG1 and HFBIC–pllG2 in the pres-
ence of 150 mm NaCl are 1.6 and 0.6, respectively. HFBIC–
pllG1 clearly loses some of its binding affinity at physiologi-
cal NaCl concentrations. Increasing the salt concentration
results in decreased Debye screening lengths, and conse-
quently only multivalent compounds with high local concen-
tration of binding ligands are able to efficiently interact with
DNA. As expected, HFBIC–pllG2 is able to maintain its
high binding affinity towards DNA even in the presence of
150 mm NaCl. The binding affinity for the second-generation

conjugate is better than that of the first generation, a trend
that we have observed with similar previously reported sper-
mine dendrons.[30–35] These binding observations agree well
with our previously reported protein–dendron conjugates.

Due to the complex nature of multivalent interactions, ex-
perimental insight into the binding is challenging to obtain.
Thus, we decided to apply a molecular dynamics (MD) mod-
eling approach to obtain the thermodynamic parameters of
HFBIC–pllG1 and HFBIC–pllG2 binding to DNA. All simu-
lations were carried out under periodic conditions and in
the presence of 9.4 or 150 mm NaCl (see the Supporting In-
formation for computational details). All energetic analyses
for each molecular system were calculated for 200 snapshots
taken from the equilibrated phase of a single 10 ns MD tra-
jectory. The free energy of binding (DGbind) was calculated
with the Molecular Mechanics/Poisson–Boltzmann surface
area method,[36] as given in Equation (1). The average values
of the enthalpic contribution (DHbind) to DGbind were calcu-
lated by summing the gas phase in vacuo nonbond energies
composed of an electrostatic and a van der Waals term
(DEgas = DEele +DEvdw) and the solvation free energies
(DGsolv = DGPB + DGNP)[37] as described by Equation (2).

DGbind ¼ DHbind�TDSbind ð1Þ

DHbind ¼ DEgas þ DGsol ð2Þ

The polar component (DGPB) was evaluated by using the
Poisson–Boltzmann approach,[38] whereas the non-polar con-
tribution (DGNP) to the solvation energy was calculated as
DGNP =g ACHTUNGTRENNUNG(SASA)+ b, in which g=0.00542 kcal ��2, b=

0.92 kcal mol�1, and SASA is the solvent-accessible surface
area that was calculated with the MSMS program.[39] Finally,
the normal-mode analysis approach was applied to 100 MD
frames to estimate the entropic contributions (�TDS).[40]

Thermodynamic parameters for the binding of HFBIC–
pllG1 and HFBIC–pllG2 are presented in Table 2. The
values are normalized by the nominal charge on the den-
dron to allow a direct comparison between the binding
values of different dendron generations. From the data, it is
evident that the high binding affinity for each system is
almost completely driven by a strong favorable binding en-
thalpy (negative), which is opposed by unfavorable binding
entropy (negative). The DGbind/N values are in good agree-

Figure 3. Ethidium bromide fluorescence quenching results for spermine,
HFBIC, HFBIC–pllG1 and HFBIC–pllG2. Quenching of ethidium bromide
fluorescence in the presence of a) 9.4 and b) 150 mm NaCl. The results
are the average of three individual titrations; error bars: standard devia-
tion.

Table 1. CE50 values for spermine, HFBIC, HFBIC–pllG1, and HFBIC–
pllG2 as determined by an ethidium bromide displacement assay.[a]

Compound Nominal charge CE50
[b] CE50

[c]

spermine 4+ 6 >400
HFBIC (4+)[d] >200 >200
HFBIC–pllG1 9+ 0.6 1.6
HFBIC–pllG2 27+ 0.6 0.6

[a] Conditions: buffered water pH 7.2 (2 mm 4-(2-hydroxyethyl)-1-piper-ACHTUNGTRENNUNGazineethanesulfonic acid (HEPES), 0.05 mm EDTA), DNA (1 mm), and
EthBr (1.26 mm). Total added polyamine solution did not exceed 5% of
the total volume, thus corrections were not made for sample dilution. Re-
sults are an average of three titrations. [b] In the presence of 9.4 mm

NaCl. [c] In the presence of 150 mm NaCl. [d] According to the protein
amino acid sequence and the number of protonatable side chains, four
positive charges were assumed for comparison.

Table 2. Thermodynamic parameters determined by molecular dynamics
methods for the binding of DNA.[a]

Compound ACHTUNGTRENNUNG[NaCl] [mM] DHbind/N �TDSbind/N DGbind/N

HFBIC–pllG1 9.4 �11.4�2.0 3.8�1.0 �7.7
HFBIC–pllG2 9.4 �12.5�1.0 4.7�0.8 �7.8
HFBIC–pllG1 150 �11.2�1.0 6.9�1.6 �4.3
HFBIC–pllG2 150 �11.3�0.4 3.6�0.7 �7.7

[a] DHbind/N, �TDSbind/N and DGbind/N are the total enthalpic, entropic,
and free energies of binding (DHbind, �TDSbind, and DGbind) normalized
per charged amine (see Table 1 for the nominal charge) to allow compar-
ison of the energetics between different generations. All energies are ex-
pressed in kcal mol�1.
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ment with the CE50 values presented in Table 1. HFBIC–
pllG1 loses some of its binding affinity when the salt con-
centration is increased, but interestingly this is due to the
entropic cost (�TDS), which increased by 2.2 kcal mol�1. In-
creasing the salt concentration does not affect DGbind/N of
HFBIC–pllG2. The enthalpic terms for each system are simi-
lar at ��11.3 kcal mol�1. An exception to this is HFBIC–
pllG2, which has a higher DHbind/N value of �12.5 kcal mol�1

in the presence of 9.4 mm NaCl. However, the more favor-ACHTUNGTRENNUNGable binding enthalpy is compensated by a higher entropic
cost. Binding of HFBIC–pllG1 and HFBIC–pllG2 to DNA is
illustrated in Figure 4 by snapshots of the MD simulations.

Importantly, all of the MD simulations are able to repro-
duce the experimentally observed binding behavior and are
in line with our previous modeling results,[41] which indicates
that the models are reliable.

The disassembly of the complex and release of DNA was
then directly monitored by using EthBr assay as a function
of UV exposure time (Figure 5). Disassembly of the pro-
tein–DNA complexes is based on the photochemical degra-
dation of the dendron and the release of the DNA can,
therefore, take place due to two factors. First, the cationic
polyamine groups are attached to the dendritic scaffold
through an o-nitrobenzyl linker that undergoes photocleav-
age when irradiated with long-wavelength UV light. Optical-
ly triggered release of the cationic surface groups destroys
the multivalent supramolecular interactions between DNA
and the dendron, which leaves only individual surface
groups with a weak affinity towards DNA. Second, the
cleavage reaction leaves an anionic polycarboxylic acid on
the dendron surface, which will further repel the negatively
charged DNA (Figure 1b,e).

Here, DNA release can be observed as an increase in the
EthBr fluorescence when re-intercalation into DNA be-
comes possible. DNA release can, therefore, be directly
monitored over time. DNA was first fully complexed with
HFBIC–pllG1, HFBIC–pllG2, and HFBIC–G1 (a previously
reported conjugate of HFBI and a first-generation New-
kome-type dendron with three spermine groups and no pho-

tolabile linkers[32]) to CE=3. The complexes were then ex-
posed to UV light and the increase in EthBr fluorescence
was monitored after different time periods in the presence
of 9.4 and 150 mm NaCl. At both NaCl concentrations, a
clear increase in the EthBr fluorescence was observed. In
the presence of 9.4 mm NaCl, HFBIC–pllG1 and HFBIC–
pllG2 release DNA in a similar manner after exposure to
UV for approximately 180 s (Figure 5a). A similar DNA re-
lease is observed when the DNA is complexed with scFvC–
pllG1 (see the Supporting Information). As expected, the
release in the presence of 150 mm NaCl is slightly faster and
consequently HFBIC–pllG1 and HFBIC–pllG2 are able to re-
lease DNA after 60 and 80 s, respectively (Figure 5b). Im-
portantly, no DNA release was observed with the nonde-
gradable HFBIC–G1 control in any experiment, indicating
that the DNA release is indeed due to the cleavage of the o-
nitrobenzyl linker and consequent degradation of the multi-
valent binding surface.

DNA binding and release was also demonstrated by using
a gel electrophoresis retardation assay (Figure 6). In this ex-
periment HFBIC–pllG1, HFBIC–pllG2, and HFBIC–G1 can
also complex DNA, which is observed as decrease in the
electrophoretic mobility (Figure 6a, lanes 2–4). However, in
the samples that had been treated with UV light, only pho-

Figure 4. Snapshots of MD simulation of a) HFBIC–pllG1 and b) HFBIC–
pllG2 binding to DNA in the presence of NaCl (150 mm). Core, frame,
and spermine ligands of the dendron are represented in green, yellow,
and red, respectively. HFBIC and DNA (pink) are represented as solid
ribbons. Only those ions in close proximity to the binding site are present
in the pictures. Cl� ions are green, and Na+ ions are purple; water mole-
cules and hydrogen atoms have been removed for clarity. Figure 5. Ethidium bromide fluorescence enhancement: release of DNA

from the complexes as a function of the UV irradiation time in the pres-
ence of a) 9.4 and b) 150 mm NaCl. The results are the average of three
individual titrations; error bars: standard deviation.
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tolabile dendrons HFBIC–pllG1 and HFBIC–pllG2 were able
to release DNA (Figure 6a, lanes 5,6) whereas HFBIC–G1
could not. Figure 6b shows the gel presented in Figure 6a
after being exposed to UV light and subjected to an addi-
tional 20 min of electrophoresis. Lanes 2 and 3 (Figure 6b)
clearly show that the DNA can be released from the com-
plex in situ, even inside the gel.

Conclusion

We present a method for temporary adhesion of proteins to
DNA, in which multivalent dendrons bind the two species
together through multiple electrostatic interactions. Experi-
mental work combined with molecular dynamics modeling
demonstrated that the binding strength is dependent on the
generation of the dendron, with more highly branched den-
drons exhibiting higher activity. Importantly, the high-affini-
ty binding interactions can be degraded by short exposure
to UV (l�350 nm), which induces the controlled cleavage
of o-nitrobenzyl-linked surface groups from the dendron
scaffold and allows the DNA and the protein particles to be
released. This approach can open new strategies to control
the interactions between biomolecules and lead to the de-
velopment of stimuli-responsive carriers for biomedical ap-
plications.

Experimental Section

Please see the Supporting Information for the synthesis and characteriza-
tion of pllG1 and pllG2 and the computational details.

Preparation of HFBI with a free cysteine residue (HFBIC): HFBI was re-
ceived from VTT Tschnical Research Centre of Finland (Espoo, Fin-
land). Site-directed mutagenesis, production strain, production, purifica-
tion, and reduction of HFBI were performed as described previous-
ly.[23, 32, 42, 43] The resulting modified HFBIC had the following sequence;
SCPATTTGSS PGPSNGNGNV CPPGLFSNPQ CCATQVLGLIGLDCK-ACHTUNGTRENNUNGVPSQNVYDGTDFRNVCAKTGAQPLCCVAPVAGQALLCQTAVGA,
in which the added N terminus is underlined.

HFBIC–pllG1 and HFBIC–pllG2 : A typical procedure for conjugation of
HFBIC and pllG1 is described below. Conjugation of pllG1 with HFBIC

was carried out in buffered H2O; pllG1 (5 mg, 2.26 mmol) was dissolved
in 100 mL H2O and mixed with buffered H2O (400 mL, 0.2m NaP pH 7;
111 mL, 0.5m EDTA, pH 7.52). The mixture was then combined with a
solution of HFBIC (4 mg, 0.46 mmol) in H2O (400 mL), sonicated briefly
in an ultrasonicator bath, and left standing at RT for 16 h.

The HFBIC and HFBIC–dendron conjugates were purified by using a
preparative RP-HPLC system coupled to a UV/Vis detector probing at
l= 215, 230, and 280 nm (�kta explorer) by using a Vydac C4 (1 � 20 cm)
column and a gradient elution from 0!100 % of eluent B in A (eluent
A: 0.1% trifluoroacetic acid in H2O; eluent B: 0.1% trifluoroacetic acid
in MeCN). Peak fractions were pooled and lyophilized. The identity of
the protein was confirmed by using MALDI-TOF mass spectrometry
(see the Supporting Information for details). Analytical HPLC samples
were analyzed by using the same �kta system equipped with a 4.6 mm �
5 cm Vydac C4 column. Blank H2O was subtracted from each sample.

Preparation of scFv with a free cysteine residue (scFvC): Batch-scale ex-
pression of anti-HER2 scFvC (for the sequence, see: HumAb4D5–8
clone[44]) was done with the E. coli RV308 strain under optimized growth
conditions. First, the scFvC clone was grown in Luria Bertani medium
(20 mL) supplemented with ampicillin (100 mg mL�1) and glucose (1 % v/
v) for 16 h at 37 8C and 220 rpm, then diluted (1:50) in 3 L Erlenmeyer
flasks with a fresh terrific broth medium that contained ampicillin
(100 mg mL�1) and grown at 37 8C and 220 rpm until the OD600 reached
4.0–5.0. The induction of scFvC expression was done with 1 mm IPTG
(isopropyl b-d-1-thiogalactopyranoside), which was added to the medium
together with ampicillin (100 mg mL�1 final concentration). The flasks
were incubated for 16 h at 30 8C and 220 rpm. The cells were harvested
by centrifugation (Sorvall RC6) with a GS-3 rotor at 4 8C and 13700g for
15 min. The anti-Her2 scFvC was purified directly from the culture
medium by using IMAC, as follows: first, the culture medium was diluted
1:1 with 2� IMAC buffer (glycerol (20 % v/v), NaCl (2 m), HEPES
(20 mm), imidazole (2 mm); pH 7.4). Ni2+-loaded Sepharose slurry (GE
Healthcare; 15 mL L�1 of culture medium) was added to the diluted
medium, and the bottles were placed on an end-over-end shaker for 16 h
at 4 8C. The Ni2+-loaded Sepharose slurry was removed on a standard gel
chromatography column and the bound protein was washed out with an
increasing imidazole gradient (1!500 mm).

scFvC–pllG1: Before conjugation with pllG1, the C-terminal cysteine of
scFvC was reduced by adding dithiothreitol (DTT; 2 mm final concentra-
tion) and incubating the protein at 37 8C for 30 min. The sample was then
loaded onto a desalting column (BioRad) and eluted with one portion of
PBS (phosphate buffer saline; 4 mL, pH 6.0) that contained EDTA
(1 mm). Fractions of 200–500 mL were collected, the protein content was
measured photometrically (A280), and the peak fractions were pooled
and conjugated in 2:1 molar ratio of pllG1 and scFvC respectively. The re-
action mixture was first incubated for 1–2 h at RT and then for 16 h at
4 8C.

The purification of conjugates from unconjugated scFvC and free pllG1
was carried out by fast protein liquid chromatography (FPLC). The con-
jugate solution was loaded with a pump onto a chromatography column
(BioRad) that contained High-S support ion exchange matrix (BioRad).
The elution was done with a buffer gradient that was preceded by wash-
ing the column until a baseline emerged from the graph blotter with
A280 detection. The scFvC-pllG1 conjugate was eluted with a concentra-
tion gradient of 0.1–2 m NaCl in HEPES (20 mm) and EDTA (20 mm) at
pH 7.0. According to the elution curve, relevant fractions were first
checked with SDS-PAGE to validate the conjugate, then the peak frac-
tions were pooled and dialyzed (molecular weight cut-off 12–14 kDa;
Medicel) against HEPES (10 mm, pH 7.0). The final solution was concen-
trated in dialysis tubing placed on solid PEG6000 until A280�0.3. The
identity of the conjugate was confirmed with MALDI-TOF mass spec-
trometry (see the Supporting Information).

Ethidium bromide displacement assay : A Varian Cary Eclipse spectro-
fluorometer was used to collect the data. Excitation of the sample was
carried out in a 3 mL quartz cuvette with excitation at l=546 nm, and
the emission was measured at l =595 nm. The buffer designated
0.01 SHE had an ionic strength of 0.01 and contained HEPES (2 mm),
EDTA (10 mm), and NaCl (9.4 mm), and the pH was adjusted to 7.2 with

Figure 6. Gel electrophoresis of plasmid DNA (150 ng per lane).
a) Lanes 1 and 8: pDNA; lane 2: pDNA +HFBIC–pllG1 (CE =3);
lane 3: pDNA +HFBIC–pllG2 (CE = 3); lane 4: pDNA +HFBIC–G1
(CE =3); lane 5: pDNA+ HFBIC–pllG1 (CE = 3)+UV (1 min); la-
ne 6: pDNA +HFBIC–pllG2 (CE =3)+UV (1 min); lane 7: pDNA+

HFBIC–G1 (CE =3)+ UV (1 min). b) Gel a) after UV exposure and elec-
trophoresis for an additional 20 min.
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NaOH. The biological SHE contained HEPES (2 mm), EDTA (10 mm),
and NaCl (150 mm), and the pH was adjusted to 7.2 with NaOH. Ethid-
ium bromide (1.26 mm) was then dissolved in the buffer. After mixing, the
fluorescence was measured. Type III DNA from salmon testes (1 mm in
0.01 SHE) was added to give a nucleotide concentration of 1 mm and in-
crease the fluorescence to measurement maxima. A molecular weight of
330 gmol�1 and one negative charge per nucleotide were assumed. Each
fluorescence measurement was repeated twice, each titration series was
repeated three times, and the results were averaged. The added test com-
pound solution volumes did not exceed 5% of the total volume and thus
corrections were not made for sample dilution. Here, charge excess (CE)
is defined as the nominal “number of positive charges” of the polyamine
divided by the “number of negative charges” present on the DNA. A
molecular weight of 330 g mol�1 and one negative charge per nucleotide
were assumed. CE50 values indicate the nominal dendron charge excess
causing a 50% decrease in fluorescence intensity.

Ethidium bromide displacement (Figure 3): The aqueous test agent (sper-
mine, HFBIC, HFBIC–pllG1 HFBIC–pllG2, and scFvC–pllG1) was added
in small portions to reduce the fluorescence of DNA–ethidium complex
to 50 % (or plateau).

Complex degradation with UV irradiation (Figure 5): DNA was first com-
pletely complexed with the test agent to CE=3, resulting in EthBr dis-
placement and a decrease in fluorescence. Complexes were then irradiat-
ed with UV light to degrade the photolabile dendrons, resulting in EthBr
reintercalation and increase in fluorescence. EthBr fluorescence was re-
corded after different time periods.

UV light irradiation : Samples were irradiated in quartz cuvettes for dif-
ferent time periods by using a Rayonet photochemical reactor (Southern
New England Ultraviolet, Middletown, CT, USA) equipped with 16
RPR-3500 � lamps (intensity approximately 9.2 mW cm�2, l=350 nm).

Gel retardation assay : Appropriate amounts of protein–dendron conju-
gate and DNA plasmid (250 ng, 6.7 kbp expression vector, gWiz-Luc (Al-
devron, Fargo, ND, USA)) in SHE (150 mm) were added to another por-
tion of SHE (10 mL, 150 mm) to achieve the desired polyamine/DNA
ratio. The resultant complexes were incubated at RT for 5 min. Loading
dye (2 mL) was added and the mixtures were incubated at RT for a fur-
ther 5 min, after which an aliquot (15 mL) was run on a 0.8% agarose gel
(70 V, 20 min). DNA was visualized by using ethidium bromide staining
(Bio-Rad, Hercules, CA).
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