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een cationic pyridylphenylene
dendrimers and ovine prion protein: do
hydrophobic interactions matter?†

S. Sorokina,a P. Semenyuk,b Yu. Stroylova,b V. Muronetzb and Z. Shifrina*a

Here, the interactions between cationic pyridylphenylene dendrimers of the second, third and fourth

generations and full-length ovine prion protein (PrP) were studied using isothermal titration calorimetry

(ITC), dynamic light scattering (DLS), and tryptophan fluorescence measurements. A molecular dynamic

(MD) study was performed to predict the most possible binding sites for the dendrimer interactions with

the protein. All the dendrimers used acted as effective quenchers of fluorescence of the tryptophan

residues. The quenching constants calculated according to the Stern–Volmer equation allowed us to

quantitatively estimate the efficiency of the dendrimer–protein interactions. ITC data revealed the driving

force of the complexation: electrostatic interactions assisted by hydrophobic interactions. Due to the

latter, the dendrimer and PrP form complexes which are stable towards the addition of a salt and of the

oppositely charged polymer. These results allowed us to propose the mechanism and the model of the

pyridylphenylene dendrimer interactions with full-length PrP.
Introduction

Applications of synthetic macromolecules in biomedicine have
received considerable attention. Despite numerous reports on
applications of synthetic polyelectrolytes for this purpose,1–5

polydispersity of synthetic polymers hampers studies of
biomolecule–polymer complexes and makes the interpretation
of the results difficult. The absence of full and unambiguous
information on complexes does not allow one to predict their
performance as diagnostic and therapeutic agents. Therefore,
a number of publications in the eld are dedicated to mono-
disperse synthetic polymers, namely dendrimers.6–9 Dendrimers
are individual macromolecules of a well-dened structure and
a globular shape. They can combine a high molecular weight
with a large number of surface functional groups.10,11 These
features of dendrimers explain their widespread use in
biomedical applications.

Dendrimers are actively used as drug delivery systems,
vectors for gene therapy, anticancer and antiviral agents.6,9,12,13

The dendrimer application for treatment of neurodegenerative
disorders is of particular interest. Prion protein (PrP) is amy-
loidogenic protein with molecular weight of 23 kDa, which
ment Compounds, Russian Academy of

, Russian Federation. E-mail: shifrina@

l Biology, Lomonosov Moscow State

19234, Russian Federation

tion (ESI) available. See DOI:
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causes several neurodegenerative diseases including scrapie in
sheep, bovine spongiform encephalopathy, curu and Creutz-
feldt–Jacob disease in humans.14–18 It was demonstrated that
dendrimers prevent amyloid aggregation and inhibit bril
formation of PrP.19–23 Furthermore, PAMAM and PPI den-
drimers were found to decrease the amyloid PrP content in
vivo.24–26 The above applications imply the complex formation
between a dendrimer and a corresponding biomolecule. Thus,
the detailed analysis of the properties, compositions and char-
acteristics of the complexes formed, the driving force and
mechanism of the interactions are extremely important for
understanding of the processes leading to the desired thera-
peutic effect. Such knowledge will allow one to vary the molec-
ular characteristics of macromolecules and, as a result, their
complexes in a designed manner to achieve the optimal effect
and avoid undesirable side effects.

Among the different classes of dendrimers a special place
belongs to cationic pyridyl containing aromatic dendrimers.27

The undeniable advantages of these dendrimers are the
constancy of charge and shape as well as their independence of
pH due to presence of quaternary nitrogen in the dendrimer
pyridine moieties.27 This allows for predictability of the den-
drimer interactions with other macromolecules, in particular,
with proteins.

Recently we reported that cationic pyridylphenylene den-
drimers are able to effectively disrupt amyloid aggregates of the
ovine PrP.28 Therefore, the detailed clarication of the mecha-
nism of the interactions of PrP with dendrimers may be an
important step for further development of approaches to
a disease treatment. The results obtained in our preceding work
RSC Adv., 2017, 7, 16565–16574 | 16565
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Scheme 1 Cationic pyridylphenylene dendrimers of the second (G2),
third (G3) and fourth (G4) generations.
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indicate the decrease of amyloidogenic capability of the PrP
aer treatment with the dendrimers.28 Nevertheless, the
detailed mechanism of their interactions with the protein,
analysis of the complexes formed as well as the protein struc-
tural changes upon the inuence of dendrimers remained
unexplored.

Here we report on the formation and structure of the
complexes between full-length ovine PrP and cationic pyr-
idylphenylene dendrimers of three generations. We elucidate
the mechanism of their interactions using isothermal titration
calorimetry (ITC), dynamic light scattering (DLS), and uores-
cence quenching. To identify the dendrimer binding sites on
the protein molecule, we used molecular dynamic (MD) simu-
lations which were explored earlier to study the mechanism of
amyloid aggregation of PrP and protein–polyelectrolyte inter-
actions by different groups.29–32

Experimental section
Materials

Salts, buffers, dextran sulfate and starting materials for den-
drimer syntheses were purchased from Sigma-Aldrich and used
as received. The plasmid carrying a gene of ovine PrP-
V136R154Q171 (25-233) variant was a gi from Prof. H. Rezaei
(Institute National de la Recherche Agronomique, Virologie et
Immunologie Moleculaires, Jouy-en-Josas, France).

Dendrimers

The syntheses of cationic pyridylphenylene dendrimers were
described in our preceding paper.27 The dendrimers of the
second, third and fourth generations used in the study are
depicted in Scheme 1. Numbers of the pyridynium cations and,
therefore, the charges of the molecules are 15, 50 and 115 for
the second (G2), third (G3) and fourth (G4) generations,
respectively.

Production of the recombinant ovine prion protein

Expression of full-length recombinant ovine PrP was carried out
in E. coli culture transformed with a plasmid carrying a gene of
ovine PrP. There are several polymorphisms in the gene in
sheep, coding PrP, which are associated with different suscep-
tibility to disease. These polymorphisms include a dimorphism
at codon 136, 154 and 171, which can respectively lead to amino
acids, A/V, R/H and Q/R. We expressed a gene of PrP VRQ
variant, coding full-length amino acid sequence without N-
terminal signal peptide and C-terminal peptide, with one
additional serine residue on the N-terminus. Purication
procedure described in33 allows one to obtain a correctly folded
monomeric PrP. PrP is produced as inclusion bodies. Aer the
induction of the protein expression with 1 mM of IPTG, the E.
coli cells were cultured overnight, centrifuged at 6000 rpm, 25
min and the pellet was thoroughly washed with 50 mM of Tris–
HCl buffer, pH ¼ 7. Bacterial pellets were lysed with a buffer,
containing 0.5 mg mL�1 of lysozyme and 100 mL of the protease
inhibitor cocktail, treated with ultrasound and centrifuged at
8000g, 15 min to obtain the insoluble inclusion bodies
16566 | RSC Adv., 2017, 7, 16565–16574
containing PrP. Then the inclusion bodies were solubilized with
6 M of guanidine–HCl and PrP was puried using affinity
chromatography on the Ni-chelated sepharose due to the prion
affinity to metals. SDS PAGE was used to conrm the protein
purity. The protein was further lyophilized and stored at�20 �C.

Dendrimer–PrP complex preparation

For the complex preparation, an appropriate buffer was added
to the required amount of the dendrimer powder and stirred to
obtain a homogeneous solution. The dendrimers demonstrated
a good solubility in all the buffers used. PrP was dissolved in 100
mM of sodium acetate buffer, pH ¼ 4.0 and transferred into
a working buffer via desalting column lled with Sephadex G25.
The protein concentration in a stock solution was determined
using the Bradford method. In a typical procedure, suitable
amounts of the dendrimers and protein stock solutions were
mixed together with an extra amount of the buffer if needed, to
reach the desired concentrations. Samples were equilibrated at
least 2 hours prior any measurement.

Isothermal titration calorimetry

ITC experiments were performed using a VP-ITC calorimeter
(Microcal, USA) at 25 �C. A solution of PrP (10 mM) in the 20 mM
of KH2PO4 buffer pH ¼ 7.5 was titrated by successive 10 mL
injections of the 100 mM dendrimer solution in the same buffer.
The time intervals between the injections were 5 min. Binding
isotherms were corrected by subtracting the dendrimer dilution
isotherms determined by titrating the dendrimers solutions
into buffer. Data were analyzed using MicroCal Origin 7.0
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Calorimetric titration of PrP with the G2 (A) and G3 (B). Top
panels represent raw data (1) and the control titration of dendrimers in
buffer (2); bottom panels represent binding isotherms. The stoichi-
ometry (N), association constant (K), enthalpy (DH) and entropy (DS)
values obtained according to the “one site of sites”model are shown in
the bottom panels.
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soware with the “one set of sites” model. All samples were
degassed before the experiment.

Dynamic light scattering

Volume distributions of hydrodynamic diameters were ob-
tained on Zetasizer Nano-ZS Instrument Malvern Instruments,
Malvern. The data were recorded at the scattering angle 173�

and temperature 25 �C.
To analyze the complex stability upon the competitive action

of an oppositely charged polymer, namely dextran sulfate (DS)
of 15 kDa molecular weight, the solution containing 10 mM of
PrP and 25 mM of a dendrimer in 10 mM of MOPS buffer, pH ¼
7.5 was titrated with DS. The DS concentrations were ranged
from 12.5 to 175 mM. Aer the addition of DS, samples were
allowed to equilibrate for 20 min before the measurement.

Fluorescence spectra of the tryptophan residues

Fluorescence spectra were recorded with FluoroMax-3 spectro-
uorimeter (Jobin Yvon) at 25 �C. For the experiment, the 5 mM
of PrP solution in the 10 mM of MOPS buffer, pH ¼ 7.5 was
titrated by a dendrimer. The nal dendrimer concentrations in
the range of 0.5 to 2 mM were achieved. Samples were stirred
and tryptophan emission spectra were taken in 1 cm path
length quartz cuvettes using the 295 nm excitation wavelength.

To assess the complex stability under the inuence of NaCl,
a stock solution of the salt was added stepwise to the PrP–
dendrimer complex in the 10 mM of MOPS buffer, pH ¼ 7.5 to
a nal concentration of 2.5 M. The interval between titrations
was 3 min. The titration was performed in 1 cm path length
quartz cuvettes under continuous stirring at 25 �C. The uo-
rescence intensity was measured at 295 nm excitation and 352
nm emission wavelengths. The PrP concentration was 5 mM in
a solution.

Molecular dynamics simulations

Molecular dynamics simulations were performed with the use
of GROMACS 5.1 soware.34 The GROMOS 54a7 force eld was
used. The structure of PrP was retrieved from PDB database,
PDB ID 1tqb (chain A). The dendrimer topology was created
using the PRODRG server.35 A set of simulations of the system
consisting of the one protein and ve dendrimer molecules in
random orientations was performed. For each dendrimer, we
performed ve independent simulations with different start
positions of the dendrimer molecules. The simulation box was
orthogonal with the distance from the border to protein of 5
nm. The distance between the protein molecule and dendrimer
molecules was 1–3 nm. In all cases, low molecular weight ions
(normally Cl�) for the dendrimer charge compensation were
added and short simulations for pre-equilibration were per-
formed. The length of main simulations was 250 ns, the step
was 2 fs. The duration was chosen according to the graphs of the
protein RMSD and protein–dendrimer salt bridges that reached
a plateau. Periodic boundary conditions and the particle mesh
Ewald method for handling long-range electrostatic interaction
were used. The simulations were performed using a NPT
ensemble. Temperature in the simulation box was stabilized at
This journal is © The Royal Society of Chemistry 2017
300 K using velocity rescale thermostat. Pressure coupling was
performed with the Berendsen algorithm.36

To analyze protein–dendrimer interactions, we calculated
a number of bonds. Salt bridges were dened as a pair of
negatively charged groups of PrP and positively charged groups
of the dendrimer with a distance less than 0.35 nm. A number of
nonpolar contacts was dened as a number of phenyl groups of
dendrimer within 0.35 nm of the protein. The inuence of the
binding on the protein structure was also analyzed with calcu-
lation of a time dependence of RMSD of the protein molecule
excluding protons. Besides, RMSD distribution along the PrP
sequence averaged at the last 10 ns of simulations in compar-
ison with the start structure was calculated to determine
structure changes induced by interaction. Secondary structure
analysis was performed using dssp.37
Results
Isothermal titration calorimetry

ITC method was applied to study the interactions between PrP
and dendrimers. Fig. 1 represents the binding isotherms ob-
tained for the G2 and G3 dendrimers. The data clearly indicate
the different behavior of G2 and G3 when interacted with PrP.
The protein titration with the G2 dendrimer is accompanied
with a signicant heat release which is less pronounced for G3
(Fig. 1B). Nevertheless, both processes show an exothermic
effect. The binding constant (K) for G3 is much higher than that
for G2. The calculated thermodynamic parameters imply an
entropy contribution in a high binding strength in case of G3,
which might be attributed to more pronounced hydrophobic
interactions. It should also be noted that a control titration of
dendrimers (Fig. 1, top panels, curve 2) into buffer demon-
strated a signicant heat effect which is presumably caused by
the dissociation of the dendrimer assemblies. Therefore, the
RSC Adv., 2017, 7, 16565–16574 | 16567
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binding constants as well as the complex stoichiometry are
approximate. Regarding the sum of these processes as well as
the possible protein conformational changes induced by the
dendrimer binding, an accurate determination of a binding
constant requires a very complex binding model. Here, we used
a simple “one set of sites” model to estimate apparent values.
For the G4, the dilution energy appeared to be comparable with
the heat effect of the protein–dendrimer interaction that
hampered the interpretation of the results and was not pursued.
Fig. 2 The results of molecular dynamics simulations of PrP (the
structure from the PDB entry 1tqb) with G2 (A) and G3 (B). The typical
binding positions are shown. Dendrimers are shown in gray with blue
nitrogen, the protein is colored according to electrostatic potential of
the surface, where positively charged regions are blue, and negatively
charged regions are red. The panel (C) represents an example of
interactions in details. The dendrimer-binding residues are shown in
the panel (D).
Molecular dynamics simulations

For the further analysis of the interaction mechanism, MD
simulations of the systems containing PrP and G2 or G3 were
performed. G4 was not studied with MD simulations because of
its large size. The potential binding sites have been determined
(Fig. 2). According to the results of simulations, PrP is capable of
simultaneous binding up to 3–4 molecules of G2 and only two
molecules of G3. The difference is likely caused by spatial
limitations, because the binding sites are relatively small to
bind more than one G3 molecule.

The binding sites determined by the MD simulations are
shown in Fig. 2. There are two main sites enriched by acidic
residues, and one more G2 molecule can bind to a “lateral” side
of PrP. Binding of the G3 to the latter site blocks interaction
with two main sites and vice versa: if two G3 molecules bind to
the main site, no binding occurs at the “lateral” site. All pre-
dicted binding sites are negatively charged regions of the
protein surface and include the Asp and Glu residues and C-
terminal Tyr (Fig. 2D).

As is shown in Fig. 3A, the binding was accompanied by the
ion pair formation. All dendrimer molecules, once bound to the
protein, were bound up to the nal step of the simulation, and
the binding positions were almost invariable aer 20–30 ns. On
the other hand, nonpolar interactions were also involved in the
binding, and a number of nonpolar carbon atoms within 0.35
nm of the protein increased slowly (Fig. 3B). It is noteworthy
that a total number of ion pairs in case of G3 is the same or
higher than that for G2 (Fig. 3A, S1A and B†); hence each G3
molecule forms more number of ion pairs. On the other hand,
excepting the one simulation, a number of nonpolar contacts
between the protein and G3 is much less as compared to G2
(Fig. 3B, S1C and D†), and there were simulations without any
nonpolar contacts in case of G3 (Fig. S1D†). We believe this
difference is due to the more prominent presence of phenylene
groups in G2 dendrimer (Scheme 1).

Changes of the protein structure were also investigated aer
the binding. According to the RMSD time dependences, the
inuence of G3 on the protein structure was more pronounced
than that of G2 (Fig. 3C and S1E and F†). However, in a few
simulations of the protein with G2 RMSD increased aer 120 ns
of the simulation (two typical curves are shown in Fig. 3C).

As it is seen from the RMSD values averaged per every residue
(Fig. 4A and S2†), the major part of the protein structure is
intact in both cases, but one of the “main” binding sites (resi-
dues 190–200, including Glu199 and Asn200) can be affected by
G2. As for G3, all simulations fall into two groups according to
16568 | RSC Adv., 2017, 7, 16565–16574
the binding position. If G3 is bound to the “lateral” binding site,
the major part of the protein structure is still intact, but if the
dendrimer is bound to “main” sites, the protein structure
changes are much more pronounced, and almost whole protein
is affected (Fig. 4A). Nevertheless, the total RMSD values for all
simulations with G3 are higher than those for the G2
simulations.

Structural changes of the bound protein are shown in
Fig. 4C. The binding of the dendrimer to the main sites
mentioned above causes rearrangement of the N- and C-
terminal regions as well as 190–200 region. Structural changes
involve secondary structure changes: a 175–160 alpha-helix
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Typical time dependences of a number of ion pairs (A) and
nonpolar contacts (B) between protein and dendrimer molecules and
protein root-mean-square deviations (RMSD) (C). (A and B) Represent
one example with G2 and two independent simulations with G3; (C)
represents two curves for G2 and a curve for G3. See Fig. S1† for all
simulations.

Fig. 4 (A) Typical curves of the protein RMSD per residues averaged
on the last 10 ns of simulation with G2 (top) and G3 (bottom); curves 1
and 2 represent binding of the dendrimer with lateral and main sites,
respectively. (B) Secondary structure of the native PrP before and after
the binding of G2 and G3. (C) Comparison of the PrP structure before
(green) and after (orange) dendrimer binding (only one of the main
binding sites is shown). See also Fig. S2† for RMSD data for all inde-
pendent trajectories.
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partly disappears (Fig. 4B). In the case of G3 binding, 130–170
region is also affected in contrast to G2 binding.

Dynamic light scattering

The hydrodynamic diameters (Dh) of the ovine PrP–cationic
pyridylphenylene dendrimer complexes formed were estimated
using DLS (Fig. 5). While Dh of PrP is 4 nm, an interaction with
the dendrimers leads to the formation of well-dened particles
with hydrodynamic diameters of 7, 7.5 and 18 nm for the G2, G3
and G4, respectively. Thus, there is an increase of the hydro-
dynamic diameter upon complexation.

Fluorescence study

Intrinsic uorescence of proteins is widely used to study their
structure as well as the association and denaturation
processes. It is primarily caused by the presence of the tryp-
tophan residues whose indole rings are shown to be uniquely
sensitive uorophores. Moreover, a tryptophan molecule is
extremely sensitive to the uorescence quenching by different
compounds including N-alkylpyridinium and picolinium
salts.38,39

The presence of the seven tryptophan residues in the ovine
PrP molecule allowed us to apply the uorescence quenching
method for studying the complexation process with the den-
drimers because of their quaternary pyridinium groups that
interact with tryptophan, resulting in protein uorescence
quenching. It is also noteworthy that the dendrimer absorption
spectra do not overlap with the tryptophan emission.

The wavelength of the uorescence maximum for PrP was
observed at 352 nm (Fig. 6, black line). The dendrimers also
emitted when excited at the same wavelength as PrP (see Fig. 7
for G2), however, showing the emission peak at 465 nm.
Therefore, this emission does not hamper the assessment of the
changes in the tryptophan spectrum upon the dendrimer
This journal is © The Royal Society of Chemistry 2017
addition. Fig. 6 shows an anticipated decrease of the tryptophan
uorescence intensity upon the interaction with the den-
drimers. Indeed, upon the addition of 0.5 mMof G2 (Fig. 6A), the
emission spectrum is characterized byminor suppression of the
uorescence intensity of the tryptophan residues and emer-
gence of the shoulder at 465 nm, while the addition of 2 mM of
the dendrimer results in the more pronounced decrease
accompanied by the growth of the dendrimer uorescence.
Moreover, the effect observed depends on the dendrimer
generation.

A quenching efficiency increases with an increase of the
dendrimer generation. The most pronounced changes in the
PrP uorescence spectrum occurred upon the addition of G4,
while the lowest impact was observed for G2 (Fig. 8).

The uorescence quenching in proteins is described by the
Stern–Volmer equation:40,41

F0/F ¼ 1 + KSV[Q],

where KSV is the quenching constant, [Q] is the concentration of
the quencher, F0 and F are the uorescence intensities in the
RSC Adv., 2017, 7, 16565–16574 | 16569
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Fig. 5 Volume distributions of the hydrodynamic diameters for
complexes of PrP with the G2 (A), G3 (B) and G4 (C). Fig. 6 The quenching curves of the intrinsic PrP fluorescence upon

the interaction with G2 (A), G3 (B), and G4 (C).

Fig. 7 Fluorescence emission spectra for G2.
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absence and presence of the quencher, respectively. The equation
describes the dynamic uorescence quenching and assumes
a linear dependence of F0/F on [Q]. Fig. 9 shows the dependences
of the relative uorescence intensity on the dendrimer concen-
trations for G2, G3, and G4. These dependencies are dened by
straight lines and the slopes are equal KSV. Calculation of the
Stern–Volmer constants allows one to quantitatively assess the
efficiency of the protein–quencher interactions. Generally, the
more sensitive system is characterized by the steeper slope and,
therefore, the higher KSV value. Calculated KSV constants are
summarized in the Table 1. The highest KSV value corresponds to
the PrP interaction with the G4, the moderate value was obtained
for G3 and the smallest KSV is observed for G2.

Moreover, the uorescence of the tryptophan residues is
known to be extremely sensitive to the changes in their micro-
environment, hence the uorescence is used to assess the
protein conformational changes upon the interaction with
a ligand. Generally, a red shi of the uorescence maximum
indicates that the tryptophan residues are exposed to the
16570 | RSC Adv., 2017, 7, 16565–16574
solvent, while a blue shi is a consequence of the screening of
tryptophan by a protein matrix.42 The addition of the den-
drimers results in a peak broadening and its slight red shi.
The effect increases from G2 to G4.
This journal is © The Royal Society of Chemistry 2017
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Fig. 8 The quenching curves of the intrinsic PrP fluorescence upon
the addition of 0.5 mM of the cationic pyridylphenylene dendrimers of
different generations.

Table 1 Stern–Volmer constants of quenching of the intrinsic PrP
fluorescence by cationic pyridylphenylene dendrimers

Dendrimer KSV (M�1)

G2 1.5 � 105

G3 1.35 � 106

G4 2.95 � 106
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Stability of the complexes

To assess the complex stability, the titration of the PrP–den-
drimer complexes with a NaCl solution was performed.

The complex dissociation is expected to be accompanied
with an increase of the tryptophan uorescence. However, the
uorimetric titration of the PrP–dendrimer complexes with the
salt solution shows no any signicant changes in the uores-
cence intensity for all the dendrimers studied (Fig. 10). The
strongest changes appeared for the PrP–G2 complex although the
Fig. 9 The Stern–Volmer plots for G2 (A), G3 (B) and G4 (C).

This journal is © The Royal Society of Chemistry 2017
uorescence intensity increase did not exceed 10% of the initial
value. For G3 and G4, the increase of the uorescence intensity
did not exceed 5% of the initial value and further increase of the
salt concentration did not affect the titration curve shape.

Additionally, the complex stability was studied via the
competitive interaction with the oppositely charged dextran
sulfate (DS). Ideally, electrostatic interactions of the poly-
cationic dendrimer with polyanion should result in a displace-
ment of the dendrimer from the protein complex and the
formation of new DS–dendrimer and PrP–DS complexes due to
a higher number of charges in DS, leading to entropically
favorable conditions.43 As the DS Dh is approximately equal to
that of G2 or G3, the hydrodynamic diameter of the DS–PrP
complexes should be similar to that of PrP–dendrimer, i.e., we
expected to observe the hydrodynamic diameter of new
complexes at 7.5 nm for G3 (Fig. 11). However, to our surprise
a stepwise addition of DS to the PrP–G3 complexes did not lead
to the release of the individual components or the formation of
new complexes with the Dh close to 7.5 nm. Instead, the
formation of large aggregates with hydrodynamic diameters
increasing with every portion of DS was observed. Finally, the
samples demonstrated a bimodal distribution of the particle
sizes, revealing the formation of triple DS–dendrimer–PrP
complexes due to the DS sorption on the surface of the existing
conjugates. The similar results were obtained for the G2 and G4
dendrimers.

Discussion

In this paper a full-length ovine PrP was chosen to study the
interactions with the cationic pyridylphenylene dendrimers of
Fig. 10 Fluorimetric titration of the PrP–dendrimer complexes with
the NaCl solution.

RSC Adv., 2017, 7, 16565–16574 | 16571
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Fig. 11 Hydrodynamic diameters of the PrP–G3 complexes upon the
addition of dextran sulfate.
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three generations: G2, G3, and G4. Both ITC and DLS results
clearly demonstrated an effective complexation of these den-
drimers with PrP. However, an isoelectric point of PrP is re-
ported to be 9.6. That means the dendrimer and protein both
possess a net positive charge under experimental conditions
(pH ¼ 7.5). Nevertheless, the observed heat effect for the den-
drimer binding to PrP proves the involvement of electrostatic
forces which may be attributed to the heterogeneity of the
charge localization within the protein molecule. Having the net
positive charge, the protein still preserves the sites with negative
charges, which open the opportunities for binding of cationic
dendrimers. MD simulations also proved this hypothesis. The
predicted binding sites for the G2 and G3 dendrimers are
located at the protein surface areas containing no positively
charged amino acid residues (Fig. 2). The similar behavior was
reported for polycation interactions with the protein under its
isoelectric point as well as for other similarly charged poly-
mers.44–46 These observations indicate the necessity of the local
oppositely charged sites for the effective interactions of
polyelectrolytes.

On the other hand, the positive value of entropy for the
dendrimer–protein interactions (the ITC data) conrms the
contribution of hydrophobic interactions. Thus, the den-
drimer–protein complex formation might be explained by joint
hydrophobic and electrostatic interactions between dendrimers
and proteins. At the same time, the heat effect for the G2
binding with the protein is higher than that for G3, which is
consistent with theMD results where the total number of bound
dendrimer molecules is higher for the G2.

Another evidence of the effective interactions is obtained
from the uorescence quenching. An intrinsic uorescence of
the tryptophan residues was chosen as a sensitive tool to assess
the protein conformational changes. The excitation wavelength
was set to be 295 nm to avoid the contribution of tyrosine
residues. The tyrosine absorption is known to be the smallest
and only the tryptophan emission is observed at this wave-
length. All the dendrimers studied acted as effective quenchers
probably due to the presence of the pyridinium moieties.
Therefore, the changes observed in the tryptophan emission
16572 | RSC Adv., 2017, 7, 16565–16574
spectrum upon interaction with dendrimers may serve as
a reliable evidence of an effective complexation.

The most noticeable changes in uorescence occurred upon
the addition of the G4. The calculation of the Stern–Volmer
constants allowed one to estimate the efficiency of the interac-
tion. The data in Table 1 show an increase of the interaction
strength with an increase of the generation number. Such
a behavior differs from that of the linear systems, where the
decrease of the polymerization degree leads to the uorescence
quenching enhancement, in particular in case, of oligomeric
quenchers.47 Apparently, despite the tendency of the dendrimer
hydrophobic parts to be surrounded by a hydrophobic protein
matrix, the dendrimer is unable to penetrate the inner parts of
the protein molecule due to rigidity of the dendrimer structure.
Therefore, the size decrease with the generation number
decrease did not lead to the enhancement of the uorescence
quenching.

The tryptophan residues in proteins are reported to exist in
ve discrete states according to the position of the uorescence
maximum which is dependent on the tryptophan localization
and microenvironment.48 Therefore, the changes in the protein
emission spectrum reect its structural changes. The uores-
cence maximum of PrP at 352 nm indicates that uorophore
molecules are exposed to the solvent and surrounded by highly
mobile water.42 The uorescence quenching by dendrimers also
proved a high availability of the tryptophan residues to den-
drimer molecules. The observed peak broadening accompanied
by the red shi shows that tryptophans become more exposed
to the solvent aer the dendrimer addition. KSV values also
conrmed high availability of the tryptophan residues and are
in agreement with an emission maximum wavelength.

The uorescence quenching effect of the tryptophan resi-
dues was also used to study the stability of the protein–den-
drimer complexes. It is known that electrostatic interactions
become weaker with the ionic strength increase. Therefore
a subsequent addition of sodium chloride to the prion–den-
drimer complex should result in a complex dissociation which
leads to the increase of the tryptophan uorescence intensity.
Nevertheless, the titration of the complexes with NaCl did not
show any noticeable changes in the uorescence intensity for all
the dendrimers studied (Fig. 8). Thus, the PrP–dendrimer
complexes are stable in a wide range of ionic strengths and
therefore, resistant to the salt addition.

Competitive interactions of the complexes with an oppositely
charged polymer also did not lead to dissociation. Indeed, an
addition of DS results in a gradual increase of the hydrody-
namic diameters of particles and formation of large aggregates
instead of dissociation. Together with the uorimetric titration
experiments, these results indicate the crucial role of hydro-
phobic interactions due to the presence of the phenylene
groups in the inner parts of the dendrimer molecule.

The impressive stability of the complexes obtained may be of
high importance for the treatment of neurodegenerative disor-
ders with the dendrimers. The disruption of amyloid brils is
reported to be one of the possible therapies for these
diseases.49,50 However, the protein released from the aggregates
should not serve as a nucleation center for a new aggregation or
This journal is © The Royal Society of Chemistry 2017
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re-aggregate once more. This may be realized only in case of
strong association of the protein with ligand. Another strategy is
the stabilization of the native protein state and the prevention
of its further aggregation.51–53 Again, the complex formed has to
possess a high stability. It is known that sulfated polymers
tightly bound to the protein protect the latter from aggregation
more efficiently than polyphosphate.54 Furthermore, polymers
that are capable of hydrophobic interactions with the protein
are the most efficient in the aggregation suppression55 and the
disruption of pre-formed aggregates.5 On the other hand, an
importance of hydrophobic interactions for amyloid trans-
formation is stated in some works.56,57 From this point of view,
the hydrophobic interactions play a crucial role and might be
a signicant advantage of the proposed dendrimers. It is note-
worthy that one of three binding sites predicted using MD
simulations included the 190–200 loop, which can be involved
in the amyloid transformation of PrP.29 Furthermore, the den-
drimer interaction with this site caused structural rearrange-
ment of the above loop and a partial loss of the secondary
structure in the 180–190 region (Fig. 4). Therefore, binding of
dendrimers may alter the amyloid transformation of PrP and
further amyloid aggregation. It is also noteworthy that the effect
observed is exceptionally stable. The properties of the
complexes formed do not change under environmental condi-
tions as the cationic pyridylphenylene dendrimers have a rigid
structure with the constant spatial architecture and charge.
They also disrupt the PrP amyloid aggregates.28 This is in
contrast to interactions of exible PAMAM or PPI dendrimers
commonly studied as anti-amyloid agents because these inter-
actions are pH-dependent,19,58,59 i.e., their complex formation
with PrP and the complex dissociation depend on pH and ionic
strength changes.59,60

To summarize, the pyridylphenylene dendrimer interactions
with ovine PrP are driven by the hydrophobic and electrostatic
interactions. According to intrinsic uorescence measure-
ments, the binding of the dendrimer with the protein leads to
its minor misfolding. The impact of the dendrimers on the
secondary structure of proteins increased from low to high
generation dendrimers as is conrmed by the KSV values. The
ITC results show the smaller heat effect along with the larger
binding constant for G3 than those for G2, indicating an
increase of the contribution of hydrophobic interactions with
the increase of the generation number. Despite the smaller
number of binding sites available for G3 compared with that for
G2 (according to MD simulations), it has a more pronounced
impact on the protein molecule. The G3–PrP complex is more
stable upon the salt addition that is in a good agreement with
thermodynamic parameters obtained from the ITC data.

Conclusions

The cationic pyridylphenylene dendrimers were found to form
stable complexes with ovine PrP. The PrP molecule has two
main sites possessing negative charge for the dendrimer
binding and one more in the lateral side allowing the electro-
static interactions. Due to the presence of the phenylene groups
in the dendrimer molecule, the hydrophobic interactions are
This journal is © The Royal Society of Chemistry 2017
also involved in the binding. The contribution of the hydro-
phobic interactions increased from low to high generation
dendrimers. The more pronounced hydrophobic interactions
resulted inmore efficient binding and higher dendrimer impact
on the protein molecule. Moreover, increase of the hydrophobic
interactions lead to increase of the complex stability. Thus the
hydrophobic interactions play a crucial role in outstanding
stability of the complexes and high affinity and strength of the
dendrimer binding with PrP. These results may be of interest
for more deep insight to interaction process of dendrimers and
PrP and promising further for treatment of neurodegenerative
disorders.
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