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’ INTRODUCTION

Prion diseases are a group of fatal neurodegenerative disorders
that infect both animals and humans.1,2 They are characterized by
conformational change from the normal cellular form of prion
protein (PrPC) to the abnormal scrapie isoform (PrPSc).3 PrPC is
a membrane protein predominantly concentrated in the central
nervous system, and PrPSc is defined as an infectious particle.4,5

The two isomers are identical in the primary structure but dif-
ferent in their secondary structure elements. The PrPC�PrPSc

conversion results in a reduction in the R-helix content from
∼40% in PrPC to ∼30% in PrPSc and an increase in the β-sheet
content from ∼3% in PrPC to ∼43% in PrPSc.6 No chemical
modification is induced by the conversion, but significant changes in
physicochemical properties occur between PrPC and PrPSc.
Compared with PrPC, PrPSc is resistant to protease and shows
a strong tendency toward aggregating into insoluble fibrils that
disrupt the neuronal function. The biological function of PrPC is
not well understood, but current experimental evidence supports
PrPC being involved in enzymatic activity and cellular signal
transduction processes.7,8

As the full-length PrPSc is difficult to isolate and characterize,
the synthetic peptide PrP106-126 (106-KTNMKHMAGAAAA-
GAVVGGLG-126), an N-terminal fragment of the human prion
protein, has been widely used as a suitablemodel peptide to study
the biological and physiochemical properties of PrPSc. PrP106-
126 is highly conserved among various species and is suggested as
themost important region in regard to initiating the conformational

change, leading to the conversion of PrPC to PrPSc.9�11 PrP106-
126 shares many physicochemical and biological properties with
PrPSc, including cellular toxicity, fibrillogenesis, and membrane-
binding affinity.12,13 Furthermore, the toxicity of PrPSc and PrP106-
126 requires the expression of PrPC to cause cell death, and they
can bind to PrPC at residues 112�119.14

The toxicity of PrP106-126 is thought to be correlated with its
primary structure. PrP106-126 is composed of two distinct
regions: a hydrophilic region (K106-M112) and a hydrophobic
region (A113-G126). It shows a high tendency to aggregate into
the β-sheet structure, forming amyloid fibrils in vitro and becoming
partially resistant to proteolysis.15,16 Recent studies reported that
the oligomerization of PrP106-126 resulted from the association
of ordered β-hairpin monomers rather than disordered mono-
mers.17,18 Another study revealed that early ordered oligomers
were stacked by the interface of hydrophobic C-terminal residues
(A113-G126), which might increase the rate of fibril growth and
form the fibril structure.19

The relationship between the amyloid structure and its peptide
toxicity implies that PrP106-126 toxicity might be inhibited in
case of failure to form the amyloid structure. A number of
experimental data demonstrated that divalent metal cations
binding to PrP106-126modulated its aggregation and neurotoxic
properties,20�23 and the imidazole side chain of His111 was
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ABSTRACT: Many neurodegenerative disorders are induced by protein
conformational change. Prion diseases are characterized by protein conforma-
tional conversion from a normal cellular form (PrPC) to an abnormal scrapie
isoform (PrPSc). PrP106-126 is an accepted model for studying the character-
istics of PrPSc because they share many biological and physiochemical proper-
ties. To understand how metal complexes affect the property of the prion
peptide, the present work investigated interactions between Pd complexes and
PrP106-126 based on our previous research using Pt and Au complexes to
target the peptide. The selected compounds (Pd(phen)Cl2, Pd(bipy)Cl2, and
Pd(en)Cl2) showed strong binding affinity to PrP106-126 and affected the
conformation and aggregation of this active peptide in a different binding mode.
Our results indicate that it may be the metal ligand-induced spatial effect rather
the binding affinity that contributes to better inhibition on peptide aggregation.
This finding would prove valuable in helping design and develop novel metallodrugs against prion diseases.
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identified to primarily contribute to the high affinity metal binding.
Histidyl residues are known to commonly exist in neurodegen-
erative disease-related proteins including β-amyloid protein
(Aβ) and PrPSc. Their ability to bind metal cations plays a crucial
role in neurodegeneration.24,25 Several studies focused on potential
therapeutic applications of metal compounds in the treatment of
Alzheimer’s disease by targeting themetal binding site and alkylating
the imidazole side chains of Aβ.25�27 In addition, our previous
investigation on the interactions of Pt- and Au-based metal com-
plexes with PrP106-126 demonstrated that tetracoordinated Pt
and Au complexes affected the conformation of PrP106-126
markedly and inhibited its aggregation, which seems to suggest a
new approach to better understanding the design and develop-
ment of metallodrugs against prion diseases.28

Palladium is a soft transition metal, and Pd(II) can bind to
some PrP fragments with high binding affinity and site selectivity
linked to the involvement of both imidazole and amide nitrogen
atoms from the peptide.29 In addition, Pd complexes were usually
investigated as platinum anticancer drugs used to interact with
double-stranded DNA (dsDNA), finding that some of them
exhibited significant antitumor activity against some tumor cell
lines.30�33 The interaction of Pt, Pd, and Au complexes with
protein also reportedly helped develop a better understanding of
the modulation of metal-binding protein functions by different
metal ions.34 The aim of the present work was to prepare a series
of Pd-based complexes and elucidate their interactions with
PrP106-126. The complexes shown in Scheme 1 are composed
of Pd(II) with three different ligands: 1,10-phenanthroline (phen, a),
2,20-bipyridine (bipy, b), and ethylenediamine (en, c). The study
was intended to observe changes in PrP106-126 properties in-
duced by different Pd complexes and to clarify the relationship
between the ligand properties and aggregation of this active peptide,
in the hope of developing novel therapeutic agents against prion
diseases.

’EXPERIMENTAL SECTION

Materials. Human prion protein fragment PrP106-126 was chemi-
cally synthesized by SBS Co., Ltd. (Beijing, China), further purified, and

identified by high performance liquid chromatography (HPLC) and mass
spectrometry (MS) with more than 95% purity. The sample’s purity was
also confirmed with a 1H NMR spectrum. The peptide in this study had
free C and N termini unless otherwise specified. The Pd complexes were
prepared as described previously,35�38 dissolved in DMSO or d6-DMSO,
and stored at �20 �C for later use. All other reagents were of analyt-
ical grade.
NMR Spectroscopy. The sample for NMR study was prepared in

H2O containing 10% d6-DMSO. The reaction of PrP106-126 and a Pd
complex was performed by adding small aliquots of a metal compound
stock solution to the peptide solution. The pH value was carefully
adjusted to 5.8 with either HCl or NaOH. The final peptide concentra-
tion was 0.4 mM. NMR experiments were carried out on a Bruker
Avance 400 MHz spectrometer at 25 �C. Suppression of the residual
water signal was achieved by the watergate pulse programwith gradients.

Proton spin�lattice relaxation rates were measured in a selective
manner (Rse) using the (180��τ�90��t)n sequence in D2O containing
10% d6-DMSO at pH 5.8 and 25 �C. The pH value was carefully
adjusted to 5.8 with either DCl or NaOD. The τ values used for the ex-
periments were 1� 10�5, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 1, 1.2, 1.5, 2, 3,
and 5.0 s respectively. The delay time t in this case is 5.0 s. The 180�
selective inversion of proton spin population was obtained by a selective
Gaus1_180i.1000 shape pulse with a length of 20 ms and a power of
50 dB corresponding to an excitation width of about 45 Hz. All NMR
data were processed by the Bruker Topspin 2.1 software.
Circular Dichroism Spectroscopy. Circular dichroism (CD)

spectra were measured on a Jasco J-810 spectropolarimeter (Japan Spec-
troscopy Co., Japan). The sample was prepared in a 5 mM phosphate
buffer at a pH of 7.2. The final peptide concentration was 0.1 mM, and
the molar ratio of the Pd complex to PrP106-126 was 0.2, 0.5, and 1.0,
respectively. A 1 mm quartz cell was used for all CD spectra. The spectra
were recorded between 190 and 250 nm with a 0.5 nm spectral step and
2 nm of bandwidth. A scan rate of 100 nmmin�1 with a 1 s response time
was employed. The background spectrumwas subtracted using the same
buffer. The final spectrum for each sample was the average of three
repeated experiments.
Electrospray Ionization Mass Spectrometry (ESI-MS). The

peptide concentration used inMS determination was constant at 50 μM.
An equivalent amount of the Pd complex was incubated with the
peptide. ESI-MS spectra were recorded in the positive mode by direct
introduction of the samples at a 3 μLmin�1 flow rate in an APEX IV FT-
ICR high-resolution mass spectrometer (Bruker, USA), equipped with
a conventional ESI source. The working conditions included the
following: end plate electrode voltage, �3500 V; capillary entrance
voltage, �4000 V; skimmer 1 voltage, 30 V; and dry gas temperature,
200 �C. The flow rate of the drying gas and the nebulizer gas was set at
12 and 6 L min�1, respectively. The DataAnalysis 4.0 software (Bruker)
was used for acquisition, and the deconvoluted masses were obtained
using the integrated deconvolution tool.
Thioflavin T(ThT) Assay. An equivalent amount of the Pd com-

plex was added to 0.1 mM PrP106-126 in a 10 mM phosphate buffer,
at a pH of 7.2. The sample was incubated with 10 μM ThT, and the
sample fluorescence was monitored using an LS55 spectrofluorometer
(Perkin-Elmer, USA). The ThT signal was quantitated by averaging the
fluorescence emission at 500 nm over 10 s when excited at 432 nm. The
reported data were the average of three timed experiments.
Transmission Electron Microscopy (TEM). Samples were pre-

pared by mixing an equivalent of the Pd complex with 5 mM peptide
solution and then incubated at 37 �C for 24 h. The final peptide con-
centration used in the TEMexperiment was 0.1mMwith 1%DMSO. An
aliquot of each sample was spotted onto a carbon-coated 600-mesh
copper grid and negatively stained with 2% phosphotungstic acid. Air-
dried specimens were examined and photographed in a Hitachi H-800
electron microscope (Hitachi, Japan) operating at 200 kV.

Scheme 1. Structures of Pd Complexes: Pd(phen)Cl2 (a),
Pd(bipy)Cl2 (b), and Pd(en)Cl2 (c)
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MTT analysis.Human SH-SY5Y neuroblastoma cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS), 2 mM glutamine, 100 UmL�1 penicillin,
and 100 U mL�1 streptomycin; cells were maintained at 37 �C in a
humidified incubator under 95% air and 5% CO2. Cell survival was
assessed by measuring the reduction of 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl-terazolium bromide(MTT).39�41 The Pd complex and
PrP106-126 were added directly to the cells from the stock solution to
reach the desired concentration. After 4 days of treatment, cells were
incubated for 4 h with 10 μL MTT at 37 �C; the medium was dissolved
in DMSO after removal of the upper clean liquid. The absorbance of the
final solution was read in a spectrophotometer at 570 nm. Each experiment
was carried out in triplicate. The data were calculated as a percentage of
untreated vehicle control values.

’RESULTS

Interaction of Pd Complexes with PrP106-126 Detect-
ed by NMR. To study the interaction of Pd complexes with
PrP106-126, 1HNMR spectra were acquired at a pH of 5.8 and at
25 �C, as chosen previously.20,28,42 As shown in Figure 1, the 1H
NMR spectrum of PrP106-126 was confirmed and consistent
with the previous result.20 The increased amount of the Pd com-
plex caused proton resonance line broadening. Incubation of
Pd(phen)Cl2 with PrP106-126 induced a change in the chemical
shift of His111CδHs from 7.16 to 7.29 ppm, suggesting that the
most possible binding site of Pd(phen)Cl2 was at His111. Several
new peaks were observed, including those from the free metal
complex and those from the bound state of PrP106-126. Compared
with Pd(phen)Cl2, incubation of Pd(bipy)Cl2 with PrP106-126
caused a change of the resonance representing the CδHs of
His111, and the peak intensity was decreased significantly. In
addition, the most significant change in the Pd(bipy)�PrP106-
126 complex was the clearly weakened peak at 2.08 ppm, which

was assigned to the CεHs of methionine. The obtained spec-
trum indicated that Met109 and/or Met112might be involved in
the binding to PrP106-126 and represent an additional binding
site for Pd(bipy)Cl2. In the presence of Pd(en)Cl2, the CεHs

resonance of methionine residue showed perturbation similar
to that of Pd(bipy)Cl2, while the intensity of the His111 CδHs

resonance was much lower than that of Pd(bipy)Cl2 (Figure S1,
Supporting Information). The decreased peak intensity of the
His111 CδHs and CεHs groups of methionine indicated the in-
volvement of residues histidine andmethionine in the Pd(en)Cl2
binding to PrP106-126. During the binding process, the
peaks assigned to the metal complexes were also shown. Taking
Pd(bipy)Cl2 as an example, the ligand itself had three set of peaks
(Figure S2, Supporting Information). In the D2O solution of
PrP106-126, the two downfield peaks were from the side chain of
His111. After the peptide was incubated with the Pd complex,
several peaks assigned to the ligand from the free and bound
states were clearly observed.
The proton spin�lattice relaxation rate has proved to be a very

suitable parameter in the ligand�macromolecule complex stud-
ies. In particular, the slower rotational tumbling of the ligand�
macromolecule complex mainly affects the selective relaxation
rate Rse.43,44 To study the binding site property of PrP106-
126�Pd complex, the selective relaxation rate experiments were
performed for the protons referring to the CδHs of His111, the
CεHs of Met109/112, and the overlapped CβHs of Ala residues.
The results are shown in Table 1. For the protons of His111, the
selective relaxation rates were increased to different extents after
PrP106-126 was incubated with three Pd complexes. While for
Met109/112 CεHs, the rates were increased obviously after adding
Pd(bipy)Cl2 or Pd(en)Cl2. However, the rate of Ala CβHs was
unchanged in the absence and presence of the Pd complex. The
NMR data indicate that Pd complexes interacted with PrP106-
126, and the differences between these spectral parameters implied
that the binding mode of Pd complexes might be different.
PrP106-126 Conformational Changes Induced by Pd

Complexes. CD spectroscopy was employed to examine the
effect of Pd complexes on the conformation of PrP106-126 at
physiological pH. The peptide in a 5 mM phosphate buffer at a
pH of 7.2 gave a predominately negative CD absorbance at 197 nm
as the typical random coil structure. It also showed negative
ellipticities in the region of 210�230 nm, slightly different from
that of random coil (Figure 2A), suggesting that the peptide was
characterized by the presence of small amounts of secondary
structure elements. The addition of equivalent Pd complexes

Figure 1. 1HNMR spectra of 0.4 mM PrP106-126 in H2O/DMSO at a
pH of 5.8 and 298 K. PrP106-126 alone (A). PrP106-126 in the presence
of 1.0 equiv of Pd(phen)Cl2 (B) and 1.0 equiv of Pd(bipy)Cl2 (C). The
peak at 2.08 ppm from an CεHs group of methionine was significantly
decreased when it was incubated with Pd(bipy)Cl2. The peak at 7.16
ppm marked with an asterisk was from the CδHs of His111. It was
obviously perturbed by the metal complex. The dotted peaks at about
8.80 ppm were mainly from the metal complexes.

Table 1. The 400 MHz 1H NMR Parameters of PrP106-126
(0.4 mM) in D2O at a pH of 5.8 and T = 25�C in the Absence
and Presence of Equivalent Pd Compounds

PrP106-

126

PrP106-126-

Pd(phen)Cl2

PrP106-126-

Pd(bipy)Cl2

PrP106-126-

Pd(en)Cl2

proton Rse (s�1) Rse (s�1) Rse(s�1) Rse(s�1)

CδHs of

His111

0.73 0.75 1.73 1.26

CεHs of

Met109/

112

1.05 1.06 1.15 1.11

CβHs

of Ala

1.51 1.51 1.51 1.51



4343 dx.doi.org/10.1021/ic102331x |Inorg. Chem. 2011, 50, 4340–4348

Inorganic Chemistry ARTICLE

induced a decrease of the negative CD absorbance at 197 nm.
Comparisons of the CD spectra showed a shoulder peak emer-
ging around 200 nm after the addition of Pd complexes, except
for Pd(phen)Cl2. Pd(bipy)Cl2 displayed the most effective change
in the PrP106-126 conformation. Figure 2B shows a gradient
change of the PrP106-126 CD spectra with a molar ratio of
Pd(bipy)Cl2 to PrP106-126 at 0, 0.2, 0.5, and 1.0. It is interesting
that the shoulder peak did not appear until 0.5 equiv of
Pd(bipy)Cl2 was added, and the peak was strengthened via
adding more Pd(bipy)Cl2. Although it was not easy to clearly
define the conformational change of PrP106-126, these data
indicate that the Pd complexes could dramatically influence the
solution conformation of the peptide.40

ESI-MS Study on the Binding of Pd Complexes to PrP106-
126. To determine whether the Pd complexes bound directly to
PrP106-126, equivalent amounts of Pd complexes (1a�1c) were
incubated with the peptide, and the final solution was analyzed by
ESI-MS. The resulting ESI-MS deconvoluted spectra are shown
in Figure 3. The free PrP106-126 exhibited an intense peak at
1911 ( 1 Da, corresponding to its expected mass (Figure 3A).
Surprisingly, the spectra exhibited different appearances after

different Pd complexes were incubated with PrP106-126. Figure 3B
shows that treatment of the peptide with Pd(phen)Cl2 led to the
appearance of additional peaks at 2198( 1 Da and 2230( 1 Da,
which were straightforwardly assigned to the metal�peptide
adducts. The increase in mass of 287 and 319 Da matched the
fragments Pd(phen)2þ and Pd(phen)Clþ, respectively, suggest-
ing that the compound bound to the PrP106-126 at a ratio of 1:1
and the two chloro ligands were displaced one by one in solution.
Incubation of Pd(bipy)Cl2 with the PrP fragment (Figure 3C)
produced a different spectrum with new intense peaks centered
at 2169( 1 Da and 2430( 1 Da, indicating that the Pd(bipy)2þ

bound to PrP106-126 at a ratio of 1:1 and 2:1, respectively. The
two chloro ligands in Pd(bipy)Cl2 were displaced during the for-
mation of the two adducts. The mass spectrum from the in-
cubation of Pd(en)Cl2 with PrP106-126 (Figure 3D) showed
that the formation of the adducts was similar to that of Pd-
(bipy)Cl2. The detectedmass peaks matched the PrP106-126-Pd
complex very well, indicating a higher binding affinity of these Pd
complexes. No fragmented peptide was found to identify the
exact residue to which the Pd complex was coordinated. More-
over, themass increase of 32 or 16 corresponding to the oxidation of
the Met side chain to sulfoxides was not observed either,
suggesting that the S center of the Met residue is in a possible co-
ordination state.45 TheMS data indicate that these Pd complexes
bound to PrP106-126 in a different binding mode, which is con-
sistent with that found in the NMR study.
ThT Analysis of PrP106-126 Aggregation Induced by Pd

Complexes. PrP106-126 is essential to the aggregation of PrPSc,
which is correlated with the prion protein toxicity. The aggrega-
tion of PrP106-126 can be monitored by ThT assay, which gave
rise to a new excitation at 432 nm and enhanced emission at
500 nm.40 As shown in Figure 4, the spectrum gave a strong
fluorescence signal when ThT bound to PrP106-126. However,
after incubation with Pd complexes, ThT fluorescence was de-
creased significantly, suggesting that the formation of the fibril
structure was inhibited effectively after the addition of the Pd
complexes. Three Pd complexes have no absorption at 500 nm in
UV spectra (data not shown). This indicates that the change of
fluorescence intensity is induced by the binding of Pd complexes
to PrP106-126. Further, it is not difficult to discover that in the
presence of Pd(bipy)Cl2 and Pd(phen)Cl2, PrP106-126 had
weaker fluorescence than that of Pd(en)Cl2, indicating that the
aggregation of PrP106-126 was better inhibited by Pd(bipy)Cl2
and Pd(phen)Cl2.
PrP106-126Aggregation Image by TEM.The TEMmethod

was also performed to ascertain whether the Pd complexes
affected peptide aggregation and fibril formation (Figure 5). After
24 h of incubation at 37 �C, the aggregate formed by PrP106-126
was the same as that reported previously.28 However, the electron
micrographs of PrP106-126 in the presence of the Pd complexes
showed that the aggregation was reversed to a different extent. It
was notable that Pd(bipy)Cl2 significantly reversed the aggrega-
tion of PrP106-126, and the morphology appeared as thin
long hair. In the presence of Pd(phen)Cl2, the negatively stained
fibrils were more branched and more intensive than that of
Pd(bipy)Cl2. When PrP106-126 was incubated with Pd(en)Cl2,
it represented a conservative modification with similar aggrega-
tion to the PrP�Pd(phen)Cl2 system.
Pd Complexes Regulate the Neurotoxicity of PrP106-126.

Knowing that the Pd complexes could bind to PrP106-126,
change the solution conformation of the active peptide, and
modify fibril generation, their ability to inhibit neurotoxicity of

Figure 2. Circular dichroism spectra of the PrP106-126 (solid line) and
in the presence of different 1.0 equiv of Pd complexes (A) and different
concentrations of Pd(bipy)Cl2 (B). The PrP106-126 concentration in
solution was 0.1 mM.
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the peptide to human SH-SY5Y neuroblastoma cells was finally
assessed. Cell survival was evaluated after prolonged treatment
with PrP106-126 alone or with the PrP�Pd complex system for
4 days. Pd complexes were not toxic at the tested concentration
(1 μM).
Compared with the control sample, PrP106-126 (100 μM)

caused a significant reduction of cell viability to 71% of the
control as measured by MTT assay (Figure 6). Coincubation of
1 μM Pd complexes with PrP106-126 restored and upregulated
the cell viability. Pd(bipy)Cl2 significantly reduced cell toxicity of

the peptide, resulting in an increase of cell viability to 89% of the
control. The other two compounds also decreased the toxicity of
PrP106-126, with cell viability restoring to 75% of the control for
Pd(en)Cl2 and to 78% of the control for Pd(phen)Cl2, although
they were less active than Pd(bipy)Cl2.

’DISCUSSION

Significant efforts have been made to investigate the possible
effects of divalent metal ions on biological and physiochemical

Figure 3. Deconvoluted ESI-MS spectra of PrP106-126 in the absence (A) and presence of Pd(phen)Cl2 (B), Pd(bipy)Cl2 (C), and Pd(en)Cl2 (D).
The aqueous mixture was prepared by adding equivalent amounts of Pd complexes to PrP106-126. The solution was diluted in water to a final
concentration of 50 μM.



4345 dx.doi.org/10.1021/ic102331x |Inorg. Chem. 2011, 50, 4340–4348

Inorganic Chemistry ARTICLE

properties of PrP fragments.46�48 PrP106-126 maintains the
amyloidogenic and neurotoxic properties of the entire patholo-
gical PrPSc and is usually used as a reasonable model to study the
mechanism of prion diseases. The histidine residue is defined as
the major binding site in the interaction of PrP106-126 with
Cu(II), Mn(II), and Ni(II).20,23,42 Divalent cations interact with
PrP106-126, but their influence on peptide aggregation is limited.
Our previous study demonstrated that Pt- and Au-based com-
plexes altered the solution properties of PrP106-126 and inhib-
ited prion fragment aggregation significantly.28 However, the in-
fluence of the ligand property on peptide aggregation is not clearly
understood. In this work, Pd complexes inhibited the aggregation
of PrP106-126, and the ligand spatial effect was identified to be
more important than the binding affinity.
Different Binding Mode of Pd Complexes to PrP106-126.

The transition metal ion Pd(II) was reported to be able to bind
with several histidine-containing prion peptide fragments.29 In
this work, we used Pd complexes to target the imidazole side

chain and change the physicochemical properties of PrP106-126
and found that these complexes were able to bind to the peptide
and modify aggregation of the peptide. NMR and ESI-MS spectra
indicate that Pd complexes could bind to PrP106-126 in different
binding modes. Pd(phen)Cl2 bound with PrP106-126 at a ratio
of 1:1, and the two chloro ligands were displaced.
From the analysis of relaxation rates, Pd(phen)Cl2 might co-

ordinate with the Nim atom of His111 and another amide nitrogen
atom, but not with methionine, since the relaxation property of
methionine CεHs was not changed in the Pd(phen)Cl2�PrP106-
126 system. In addition, the hydrophobic region (A113�G126)
may not participate in the binding process, as the selective relaxation
rate of Ala CβHs was unchanged in the absence and presence of
the Pd complex.
Differently, both Pd(bipy)Cl2 and Pd(en)Cl2 bound to PrP106-

126 at a ratio of 2:1. To confirm the binding mode of the Pd
complex to PrP106-126, 1D NMR titration experiments were
carried out for the Pd(bipy)Cl2�PrP106-126 system. The titra-
tion results from the peak referring to the CεHs of methionine
(109/112) showed a 2:1 binding stoichiometry for the system
(Figure S3, Supporting Information). Incubation of PrP106-126
with Pd(bipy)Cl2 or Pd(en)Cl2 reduced the intensity of His111
CδHs and methionine (119 and/or 112) CεHs. This was also
verified by the proton relaxation results. Furthermore, the 2D
TOCSY spectra of the PrP106-126�Pd complex did not display
obvious differences from the chemical shift change of Met109 and
Met112 (data not shown). Therefore, it is reasonable to deduce
that His111,Met112, andMet109 contribute to the coordination
of Pd(bipy)Cl2 and Pd(en)Cl2. Another coordination site might
also be from the amide nitrogen atom.
Different binding modes were also reflected by CD spectra.

The coordination of Pd complexes to PrP106-126 significantly
changed the secondary structure of the peptide. An interesting
observation from our conformational study is that a shoulder peak
emerged around 200 nm after the addition of Pd(bipy)Cl2 and
Pd(en)Cl2, rather than in the Pd(phen)�PrP system, even at a
higher concentration of Pd(phen)Cl2 (Figure S4, Supporting
Information). With the results obtained from the MS and NMR
experiments considered, it is not difficult to understand why the

Figure 4. Evaluation of the ability of the Pd complexes to inhibit
PrP106-126 aggregation as measured by ThT fluorescence. PrP106-126
was incubated with ThT in the absence (black) and presence of
Pd(phen)Cl2 (blue), Pd(bipy)Cl2 (green), and Pd(en)Cl2 (pink).

Figure 5. TEM images of PrP106-126 fibrils in the absence (A) and
presence of Pd(phen)Cl2 (B), Pd(bipy)Cl2 (C), and Pd(en)Cl2 (D).
The scale bar is 200 nm.

Figure 6. Inhibition of PrP106-126-induced neurotoxicity. Human SH-
SY5Y cells were treated with 100 μM PrP 106-126 for 4 days. The
addition of 1 μM Pd complexes inhibited the toxicity of PrP106-126.
Cell viability was determined with a MTT test. Data represent the
average of three experiments. The star represents the most effective cell
viability when treated with Pd(bipy)Cl2.
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interaction of PrP106-126 with Pd(bipy)Cl2 or Pd(en)Cl2 resulted
in a peptide conformation slightly different from that resulting
from treatment with Pd(phen)Cl2.
Effective Inhibition of Pd Complexes on PrP106-126 Aggre-

gation and Neurotoxity. To better correlate the physical state
with neurotoxicity of the peptide, its aggregation properties were
investigated in the presence of the Pd complexes by ThT assay
and TEM. The results showed that all complexes reversed the fibril
formation. Interestingly, the three compounds had a relatively
similar inhibitory effect on PrP106-126 when detected in a solution
state (ThT). But the inhibitory effect was different when it was
determined by TEM. This may be induced by different spatial
orientations when different metal complexes (particularly differ-
ent ligands) bind to the peptide in a different mode, and the
orientation is more effective on peptide aggregation on the film
(TEM). In a word, Pd(bipy)Cl2 is most effective in inhibiting the
aggregation of PrP106-126.
As mentioned above, the difference of solution pH (5.8 and

7.2) between NMR and CD/ThT experiments does not affect
the binding property and the aggregation behavior of Pd complex
to PrP106-126, obviously. In addition, the most essential test for
the potential efficacy of the Pd complexes is their ability to inhibit
the PrP106-126 neurotoxicity in a cellular system. We therefore
assessed their ability to reduce PrP106-126-induced toxicity in
human SH-SY5Y neuroblastoma cells. Despite the high toxicity
of Pd(II) compounds as was believed, Pd complexes increased
cell viability and decreased PrP106-126-induced cell toxicity in
the present cellular system. Pd(bipy)Cl2 has the most potential
of the complexes studied in reversing aggregation and reducing
neurotoxicity.
Comparison of a Single Pd(II) Cation with Three Pd Com-

plexes on Binding to PrP106-126. The interactions of the three
Pd complexes with PrP106-126 were well indicated in this work.
However, the problem of why different ligands affect aggregation
to different extents remains. Did a single Pd(II) cation inhibit
the aggregation of PrP106-126 effectively? We then studied the
interaction between K2PdCl4 and PrP106-126 under the same
conditions. In the ESI-MS spectrum, the peak assigned to the
peptide disappeared, and new peaks were observed at 2013 ( 1
Da and 2118 ( 1 Da, which corresponded to the formation of
Pd�PrP106-126 and Pd2�PrP106-126 adducts, respectively
(Figure S5, Supporting Information).
The NMR and CD spectra of the Pd�PrP106-126 complex

were similar to that of Pd(en)�PrP106-126 (Figures S1 and S6,
Supporting Information). Moreover, the results of ThT assay
showed that K2PdCl4 decreased ThT fluorescence markedly,
although this decrease was less than that of Pd(bipy)Cl2
(Figure S7, Supporting Information). The TEM experiment also
showed a result similar to that for Pd(en)Cl2 (Figure S8,
Supporting Information), indicating that K2PdCl4 had a similar
inhibitory effect on PrP106-126 aggregation to that of Pd(en)Cl2.
In fact, Pd(II) was reported to bind to other PrP fragments

with a high binding affinity,29 which was also confirmed by our
MS spectrum when it bound to PrP106-126. Compared with
K2PdCl4, themass peak intensity at 1912 for the peptide declined
gradually after the peptide was incubated with Pd(phen)Cl2, Pd-
(bipy)Cl2, and Pd(en)Cl2. On the other hand, the peak intensity
for the Pd�peptide complexes increased step by step. These data
present a binding affinity in the order of K2PdCl4 > Pd(en)Cl2 >
Pd(bipy)Cl2 > Pd(phen)Cl2, which is in accordance with the
theoretical speculation for Pd complexes: (1) The planar aro-
matic heterocyclic rings 1,10-phenan-throline and 2,20-bipyridine

are conjugated electron-rich systems andmay weaken the coordina-
tion ability of Pd(II) to PrP106-126. (2) As the ligand ethylene-
diamine does not have an extra conjugated π electron, the
coordination ability of Pd(II) would not be affected significantly.
To identify the binding affinity of Pd(II)/Pd complexes to

PrP106-126, the NMR experiments were performed using
Cu(II) and Mn(II) as controls.42 According to the reported
works, the binding constants of Cu(II) and Mn(II) to PrP106-
126 are about 1015 and 104, respectively.23,42 The paramagnetic
Cu(II) will cause the peak of His111 CδHs to disappear after
binding to theNim of His111, whereas Pd(II) is diamagnetic. The
featured peak of His111 CδHs changed differently whenK2PdCl4
or Pd(en)Cl2 was added to the peptide solution (Figure S1,
Supporting Information). Cu(II) could not interfere in the
binding of Pd(II) or Pd(en)Cl2 to PrP106-126. Interestingly,
the featured peak disappeared in the Pd(phen)Cl2�PrP106-
126�Cu system, just like whenCu(II) was added alone (Figure S9,
Supporting Information). These NMR competition experi-
ments present a binding affinity in the order of K2PdCl4 >
Pd(en)Cl2 .Cu(II) > Pd(bipy)Cl2 . Mn(II) > Pd(phen)Cl2.
The results reveal that different physiochemical properties of
the Pd complexes with respect to PrP106-126 binding might be
caused by the variety of ligands.
Role of the coordinated ligand in PrP106-126 aggrega-

tion. Studies showed that although K2PdCl4 and Pd(en)Cl2 had
a high binding affinity to PrP106-126, their inhibition on PrP106-
126 aggregation was not satisfactory. The hydrophobic C-term-
inal residues from 113 to 126 were stacked during PrP aggregation,
and Met112 was a crucial site that might reverse the aggregation
process.19,28,40 Our NMR data indicated that methionine was an
additional binding site besides the imidazole nitrogen atom of
His111 for Pd complexes except Pd(phen)Cl2, and the two Met
residues might both participate in coordination of the three com-
pounds in binding to PrP106-126 at a ratio of 2:1. The inhibitory
effect of Pd(bipy)Cl2 on PrP106-126 aggregation may be attribu-
table to the steric effect of the bipy ligand by occupying a larger
space and inhibiting the stack of interface of hydrophobic C-term-
inal residues. As for K2PdCl4, however, its strong binding to
PrP106-126 could not prevent the aggregation effectively, im-
plying that the binding site is near the hydrophilic region of the
peptide and the Pd/Pd2�PrP106-126 complex has not enough
steric effect on inhibiting the hydrophobic C-terminal stack. In
addition, as the phen ligand is large enough, the relatively weaker
binding affinity of Pd(phen)Cl2 to PrP106-126 influences pep-
tide aggregation more than what we image. Therefore, it may not
be the high binding affinity but the large space obstacle of Pd com-
plexes that produces the ideal inhibitory effect on PrP aggrega-
tion.

’SUMMARY

The interactions of Pd complexes with PrP106-126 indicate
that three Pd complexes could bind to PrP106-126 in different
binding modes and inhibit peptide aggregation significantly. It
provides new experimental data to understand the influence of
metal complexes on neuropeptide biological and physiochemical
property. The differences from these Pd complexes on peptide
aggregation demonstrate that adequate ligand coordination is
essential. More consideration should be given to the ligand spatial
effects on peptide conformation and the behavior of PrP aggrega-
tion rather on high binding affinity. Further works are under
investigation to synthesize the most potent metal complex and
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get a detailed structural analysis of the peptide/metal complex. In
addition, the mechanism of PrP106-126 and PrPSc toxicity is com-
plicated, which might involve multiple factors, including peptide
aggregation andmetal ion coordination.Our resultsmay be valuable
in helping design and develop novel metallodrugs against prion
diseases.
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