
Regulation of Aggregation Behavior and Neurotoxicity of Prion
Neuropeptides by Platinum Complexes
Xuesong Wang,† Menghan Cui,† Cong Zhao,† Lei He,† Dengsen Zhu,† Baohuai Wang,‡

and Weihong Du*,†

†Department of Chemistry, Renmin University of China, Beijing 100872, People’s Republic of China
‡College of Chemistry and Molecular Engineering, Peking University, Beijing 100871, People’s Republic of China

*S Supporting Information

ABSTRACT: Prion diseases belong to a group of infectious, fatal neurodegenerative disorders.
The conformational conversion of a cellular prion protein (PrPC) into an abnormal misfolded
isoform (PrPSc) is the key event in prion disease pathology. PrP106−126 resembles PrPSc in some
physicochemical and biological characteristics, such as apoptosis induction in neurons, fibrillar
formation, and mediation of the conversion of native cellular PrPC to PrPSc. Numerous studies
have been conducted to explore the inhibiting methods on the aggregation and neurotoxicity of
prion neuropeptide PrP106−126. We showed that PrP106−126 aggregation, as assessed by
fluorescence assay and atomic force microscopy, is inhibited by platinum complexes cisplatin,
carboplatin, and Pt(bpy)Cl2. ESI-MS and NMR assessments of PrP106−126 and its mutant
peptides demonstrate that platinum complexes bind to the peptides in coordination and non-
bonded interactions, which rely on the ligand properties and the peptide sequence. In peptides,
methionine residue is preferred as a potent binding site over histidine residue for the studied
platinum complexes, implying a typical thiophile characteristic of platinum. The neurotoxicity
induced by PrP106−126 is better inhibited by Pt(bpy)Cl2 and cisplatin. Furthermore, the ligand configuration contributes to
both the binding affinity and the inhibition of peptide aggregation. The pursuit of novel platinum candidates that selectively
target prion neuropeptide is noteworthy for medicinal inorganic chemistry and chemical biology.

■ INTRODUCTION

Prions are transmissible particles that cause a group of invariably
fatal neurodegenerative diseases, such as bovine spongiform
encephalopathy and human Creutzfeldt−Jakob disease.1 Prion
propagation involves the conversion of cellular prion protein
(PrPC) into a disease-specific isomer, PrPSc, shifting from
predominant α-helices to β-sheet structure.2 Pathogenic
mutations and modifications as well as some cofactors, such as
glycosaminoglycans, nucleic acids, and lipids, could modulate the
conformational conversion process.3 The major conformational
change that occurs during conversion of PrPC into PrPSc has been
localized to residues 90−112. Otherwise, residues 113−126
constitute the conserved hydrophobic region that also displays
structural plasticity.4 The structural transition of PrPC to PrPSc is
accompanied by profound changes in the physicochemical
properties of PrP. PrPSc assembles into amyloid fibrils at slightly
acidic or neutral pH, and the amyloid form displays a remarkable
resistance to proteinase K.5,6 The accumulation of PrPSc is also
the most possible reason for cell death, inflammation, and
spongiform degeneration observed in infected individuals.7

Human prion neuropeptide PrP106−126 is an N-terminal
segment of the full length prion protein that resembles PrPSc in
ways such as induction of apoptosis in neurons, fibrillar forma-
tion, resistance to protease K digestion, and mediation of the
conversion of PrPC to PrPSc.8−10 Although it is impossible for the
short peptide PrP106−126 to represent PrPSc completely, it is a
common research model to investigate neurodegeneration in

prion diseases because it encompasses the core structure and
hydrophobic region of prion protein.11−14 Other prion peptides
such as PrP118−135 and PrP185−208 have been employed to
study their basic physicochemical properties associated with
neurotoxicity and aggregation.15,16 PrP118−135, which is highly
conserved among various species and shares homology with the
C-terminal domain of the Alzheimer’s β-amyloid peptide (Aβ),
can form amyloid fibrils and induce liposome fusion in a
nonaggregated form via an apoptotic pathway.17 PrP185−206
can also cause the destabilization of the membrane, making it
permeable to potassium ion and charged organic compounds.18

In PrP106−126, the spanning fragment of Asn108−Met109−
Lys110−His111−Met112 presents a “turn-like” conformation
with the His111 situated before the starting point of the α-helix.
The effect of His111 is exerted by changes in its hydrophobicity,
triggering aggregation of the peptide. The amphiphilic properties
of His111 may thus be important for the modulation of the
conformational mobility and heterogeneity of PrP106−126.19
Methionine oxidation has been reported to significantly reduce
amyloid fibril formation and proteinase K resistance, but it does
not reduce the neurotoxicity of peptides in vivo and in vitro.20,21

Chicken prion peptide 119−139 corresponds to that of human
PrP106−126, except for the varieties of methionine 122 and 125,
which could be regarded as a mutant of PrP106−126. Bovine

Received: January 14, 2014
Published: May 2, 2014

Article

pubs.acs.org/IC

© 2014 American Chemical Society 5044 dx.doi.org/10.1021/ic500092t | Inorg. Chem. 2014, 53, 5044−5054

pubs.acs.org/IC


prion peptide 109−129 resembles human PrP106−126 as
well, except for the difference in methionine 115. The bovine
PrP109−129, with Met112 alone, shows both reduced fibrosis
capacity and neurotoxicity.22−24 Taking into account all the
above characteristics of residues Met109, His111, and Met112,
six prion peptides with the three amino acids mutated were
employed in our study (Table 1).

Some studies have reported the inhibition effect of PrP106−
126 either on aggregation behavior or on neurotoxicity. For
instance, small stress molecules inhibit the aggregation and
neurotoxicity of PrP106−126 by preventing protein denatura-
tion and maintaining protein stability.25 Tetracycline and its
derivatives may exert antifibrillogenic activity on PrP106−126,26
and carnosine inhibits both the β-sheet formation and the
neurotoxicity of PrP106−126.27 Some transition-metal ions,
such as Cu2+, Zn2+, Mn2+, and Ni2+, also reportedly bind with
PrP106−126.28−31 However, noble-metal complexes, including
gold and palladium, could inhibit the aggregation and neuro-
toxicity of PrP106−126 and its mutant peptides.32−35 Palladium
complexes inhibit peptide aggregation through ligand-induced
special effect more effectively than the binding interaction of
complexes to PrP106−126.33 Ruthenium complex has also been
selected for its low cytotoxicity and better binding affinity to
PrP106−126. The aromatic-containing ruthenium complexes
inhibit peptide aggregation more effectively than other
complexes.34 Platinum complexes in the form of L-PtCl2 inhibit
aggregation and toxicity of amyloid-β protein, which provides
insights into the therapeutic potential of metal complexes against
neurodegenerative disease.36 Another work studied the interaction
between amyloid-β peptide and the complex [PtCl2(phen)] and
found that both platination and noncovalent interaction
contribute to the inhibition of Aβ aggregation.37 Platinum com-
plexes may act as binding agents to neuropeptides for their
characteristic coordinating properties. However, little is known
about the binding of platinum complexes to PrP106−126.
Since the discovery of the metallopharmaceutical cisplatin, it

has remained one of the best-selling anticancer drugs for more
than 30 years. Over the past decade, carboplatin and oxaliplatin
have been applied in clinical antitumor treatment world-
wide.38−40 Numerous experimental pieces of evidence demon-
strate that reactions with proteins are fundamental to determine
the overall pharmacological and toxicological profiles of platinum
drugs.41 Cisplatin and carboplatin could bind plasma blood pro-
teins such as albumin and γ-globulin qualitatively and
quantitatively.42−44 During the later stages of reactions of
cisplatin with albumin, release of NH3 occurs due to the strong
trans influence of the sulfur atom of methionine, which weakens
the Pt−NH3 bond.

45 Other reports suggest that cisplatin and
carboplatin could bind the histidine residue of proteins.45−48

Recent developments of platinum drugs have extended to

nanomaterials for their better transport and loading as
metallodrugs.49

To explore the effects of platinum complexes on PrP106−126
and its mutant peptides, cisplatin, carboplatin, and Pt(bpy)Cl2
with the same central ion and different ligand configurations were
used in the present study (Scheme 1). The results demonstrated
that the three platinum complexes bound to the neuropeptides in

different binding modes that correlated with the peptide
sequence. The binding affinity and inhibitory effect on peptide
aggregation of Pt(bpy)Cl2 was stronger than that of cisplatin and
carboplatin. Platinum complexes could also rescue the
cytotoxicity of SH-SY5Y nerve cells induced by PrP106−126.

■ EXPERIMENTAL SECTION
Materials. Human prion protein fragment PrP106−126 and its

mutant peptides were chemically synthesized and further purified by
SBS Co., Ltd. (Beijing, People’s Republic of China). Final products with
>95% purity were identified by high-performance liquid chromatog-
raphy and mass spectrometry (MS). Cisplatin and carboplatin were
purchased from Sigma-Aldrich Co., Ltd. The platinum complex
Pt(bpy)Cl2 was prepared as described previously and stored at 277 K
for further use.50 All other reagents were of analytical grade.

Electrospray Ionization Mass Spectrometry (ESI-MS). ESI-MS
spectra were recorded in the positive mode by directly introducing the
samples at a flow rate of 3 μL min−1 in an APEX IV FT-ICR high-
resolution mass spectrometer (Bruker, USA) equipped with a con-
ventional ESI source. The working conditions were as follows: end plate
electrode voltage, −3500 V; capillary entrance voltage, −4000 V;
skimmer, 1 and 30 V; dry gas temperature, 473 K. The flow rates of the
drying gas and the nebulizer gas were set at 12 and 6 L min−1,
respectively. Data analysis 4.0 software (Bruker) was used to acquire
data. Deconvoluted masses were obtained using an integrated
deconvolution tool. The peptide sample used in ESI-MS experiments
was kept constant at 50 μM. Different molar ratios of Pt(bpy)Cl2,
cisplatin, and carboplatin were added to the sample for valid assays.

NMR Spectroscopy. 1H NMR experiments were performed on a
Bruker Avance 400 MHz spectrometer at 298 K. The samples were
prepared by adding a stock solution of the metal compound to the
peptide solution at different molar ratios, which contained 10% d6-
DMSO in H2O. The final peptide concentration was 0.5 mM. The pH
value was carefully adjusted to 5.7 with either DCl or NaOD. A
watergate pulse program with gradients was applied to suppress the
residual water signal. All NMR data were processed by Bruker Topspin
2.1 software.

Spectrofluorometric Measurements. Steady-state fluorescence
measurements of the intrinsic phenylalanine residue were carried out at
room temperature to further compare the binding ability of platinum
complex to prion peptides. The excitation wavelength of 260 nm was
chosen according to a previous report.51 The dissociation constant (Kd)
was determined from the plot of fluorescence intensity via the platinum
complex concentration using the following equation

Δ = −

= − + + − + + −α

F F F
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0 L

0 d 0 d 0
2

0
1/2

0
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Table 1. Peptide Names, Sequences, and Abbreviations Used
in This Study

peptide sequence mutated site abbreviation

KTNMKHMAGAAAAGAVVGGLG none PrP106−126
KTNMKAMAGAAAAGAVVGGLG H111 H111A
KTNFKHVAGAAAAGAVVGGLG M109, M112 M109F/M112 V
KTNMKAVAGAAAAG H111, M112 H111A/M112 V
KTNFKHMAGAAAAG M109 M109F
KTNFKAMAGAAAAG M109, H111 M109F/H111A
KTNMKHVAGAAAAG M112 M112 V

Scheme 1. Molecular Structures of Pt(bpy)Cl2, Cisplatin, and
Carboplatin
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where F0 and FL are the measured fluorescence intensities of peptides at
287 nm in the absence and presence of platinum complex.52,53 Fα is the
maximum quenching of the peptide fluorescence. P0 stands for the initial
concentration of peptide, and T represents the concentration of added
platinum complex. Three Phe-containing peptides were used in this
study, and the concentration for each was 100 μM. The results were
obtained from three repeated experiments.
Thioflavin T (ThT) Assay. The peptides were aged for 24 h, and

then the complex Pt(bpy)Cl2 in the concentration range of 25−200 μM
was incubated with the peptide and its mutant peptides in a 10 mM
phosphate buffer at pH 7.2. After 24 h incubation of the mixture, the
sample was added with 0.1 mM ThT, and its fluorescence was
monitored using an F-4600 spectrofluorometer (Hitachi Ltd., Japan).
The ThT fluorescence signal was quantified by determining the average
of fluorescence emissions at 500 nm for 10 s at an excitation of 432 nm.
For cisplatin and carboplatin, the concentration ranges were expanded
to 300 and 500 μM, respectively. The reported data were the average of
three experiments.
Atomic Force Microscopy (AFM). Samples were prepared by

mixing 1 mM peptide solution with different ratios of platinum com-
plexes and then incubated at 310 K for 24 h. The final peptide
concentration used in the AFM experiment was 0.1 mM with 1%
dimethyl sulfoxide. Images were obtained in tapping mode with a silicon
tip under ambient conditions, a scanning rate of 1 Hz, and a scanning
line of 512 using a Veeco D3100 instrument (Veeco Instruments 151,
Inc., USA).
MTT Assay. Human SH-SY5Y neuroblastoma cells were cultured in

a 1:1 mixture of Dulbecco’s modified Eagle’s medium and F12 medium
supplemented with 10% fetal bovine serum, 2 mM glutamine, 100 U mL−1

penicillin, and 100 U mL−1 streptomycin. Cells were maintained at 310 K
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-
diphenyltetrazolium bromide (MTT). Up to 100 μM PrP106−126 was
incubated for 24 h with or without 100 μM platinum complexes, and then
the mixtures were added to the cells. After 4 days of reaction, the cells were
incubatedwith 10 μLMTT at 310K for 4 h. The absorbance at 570 nmwas
recorded with a Cary 50 UV−vis spectrophotometer (Varian, Inc., USA).
Each experiment was carried out in quadruplicate. The data were calculated
as percentages of untreated control value.

■ RESULTS

ESI-MS Spectra of Prion Peptides with Platinum Com-
plexes. To determine if the platinum complexes would bind
directly to prion peptides and to identify the probable binding
pattern between these substances, different amounts of Pt(bpy)-
Cl2, cisplatin, and carboplatin were incubated with the peptides.
The final solution was analyzed by ESI-MS. The addition
of Pt(bpy)Cl2 caused the formation of the adduct [PrP106−
126+Pt(bpy)], in accordance with that reported previously

(Figure S1, Supporting Information).32 The free PrP106−126
exhibited an intense peak of 638.00 (3+) corresponding to its
expected mass. Double amounts of cisplatin were incubated with
the peptide and formed [PrP106−126+PtCl(NH3)], as
indicated by the peak of 720.32 (2+) (Figure 1A). The adduct
of the prion peptide and the fragment PtCl(NH3) indicated that
the cisplatin may coordinate the peptide with one chlorine atom
and one amidogen split off. After incubating quintuple amounts
of carboplatin with PrP106−126, two peaks referring to the
adduct of [PrP106−126+carboplatin] [762.02 (3+)] and
[PrP106−126 + 2carboplatin] [1328.04 (2+)] were detected
(Figure 1B).
For the mutant peptides H111A, M112 V, and M109F/

H111A, the complex Pt(bpy)Cl2 bound to the peptides in the
form [peptide+Pt(bpy)] (Figure 2). In contrast, for the mutants
M109F/M112 V and M109F, the new adduct formed by the
addition of Pt(bpy)Cl2 was detected as [peptide+Pt(bpy)Cl2]
(Figure 2). Otherwise, the complex bound to the peptide
H111A/M112 V in the form of Pt(bpy)Cl, forming the adduct
[H111A/M112 V+Pt(bpy)Cl].
The incubation of equivalents of cisplatin or carboplatin with

mutant peptides showed no binding adducts because the binding
affinity between these two complexes and peptides was weak.
After double amounts of cisplatin were added toH111A, cisplatin
bound to the peptide in the form of Pt(NH3)2 and PtCl(NH3),
corresponding to the adducts [H111A+Pt(NH3)2] and [H111A
+PtCl(NH3)]. For the peptide M109F/M112 V, cisplatin bound
to the peptide in intact form, as [M109F/M112 V+PtCl2(NH3)2].
For all the other mutant peptides, cisplatin bound to the peptides in
the same intact form. A distinctive phenomenon was that the 2:1
binding adduct was detected between the compound and four
short peptides (Figure 3). Quintuple amounts of carboplatin
were also incubated with the six mutant peptides. The final
adducts were represented in 1:1, 2:1, and 3:1 ratio bindingmodes
(Figure S2, Supporting Information). Table 2 shows a detailed
illustration of the MS data after incubating the three complexes
with the prion peptides. ESI-MS showed that platinum com-
plexes may bind to the peptides in different binding modes.

1H NMR Studies on the Interactions of Platinum
Complexes with Prion Peptides. The 1H NMR spectrum
of PrP106−126 was acquired, and the characteristic peaks from
side chains of His111 and Met109/112 were identified as
reported.28,34 Pt(bpy)Cl2 and cisplatin caused the broadening of
His111 CδHs at 7.08 ppm, and the signal intensity at 2.08 ppm
assigned to Met109/112 CεHs was clearly decreased, indicating

Figure 1. ESI-MS spectra of PrP106−126 in the presence of cisplatin (A) and carboplatin (B). The aqueous solution was prepared by adding double
amounts (molar ratio) of cisplatin and quintuple amounts of carboplatin to the peptide. The final concentration of the peptide was 50 μM.
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that the binding sites for Pt(bpy)Cl2 and cisplatin may include
His111 and Met109/112 (Figure 4). In contrast, the signals of
His111 CδHs or Met CεHs were less affected on treatment of
carboplatin. Although carboplatin has a reaction mode similar to
that of cisplatin according to the ESI-MS data, the different
results in NMR spectra may be attributed to the slow reaction of
carboplatin with the peptides.
The histidine-mutated prion peptide H111A showed a distinct

NMR spectrum in comparison with that of PrP106−126. With
the addition of Pt(bpy)Cl2 and cisplatin, the upfield resonance
peak at 2.08 ppm decreased, indicating the binding of Met109
or Met112 with platinum complexes (Figure S3, Supporting
Information). Carboplatin had less effect on the 1H NMR
spectrum of peptide H111A; no featured peak was observed. For
the peptide M109F/M112 V, the addition of Pt(bpy)Cl2 and
cisplatin caused the variation of signals from His111 and Phe109
(at 7.20 and 7.30 ppm, respectively). In comparison, the complex
carboplatin did not exert a disturbance on the signal of His111
CδHs (Figure S4, Supporting Information).
For the four short peptides, incubation of platinum complexes

with the peptide M109F led to differing spectra, in which the
signal of His111 CδHs was not effectively affected by Pt(bpy)Cl2
except for a slight decrease. Cisplatin caused the broadening and

decrease of His111 CδHs and Met112 CεHs (Figure S5,
Supporting Information). On the other hand, the signal of
Met109 in H111A/M112 V was not as notably influenced after
incubating the complexes with the peptide (Figure S6,
Supporting Information). Moreover, the addition of platinum
complexes caused negligible disturbance on the signals of
M112 V (Figure S7, Supporting Information). The spectrum of
peptide M109F/H111A changed little with the treatment of
platinum complexes (Figure S8, Supporting Information).

Fluorescence Measurements of Phe-Containing Pep-
tides Binding to Platinum Complexes. The method of
fluorescence quenching has been utilized to calculate Kd in
numerous studies.31,54,55 The change in peptide fluorescence
upon adding a platinum complex can be assumed to reflect the
amount of complex produced. The fluorescence quenching of
phenylalanine residue can represent structural changes brought
about by a platinum complex. The fluorescence intensity of the
peptide at 287 nm in the presence of a platinum complex was
therefore used to estimate Kd by means of a nonlinear-least-
squares regression using eq 1 (Figure 5).
The three Phe-containing mutant peptides M109F/M112 V,

M109F, andM109F/H111A were used to compare their binding
affinity to platinum complex. No Kd data were supplied for other

Figure 2. ESI-MS spectra of PrP106−126 mutants in the presence of an equivmolar amount of Pt(bpy)Cl2 (from left to right and top to bottom): (A)
H111A; (B)M109F/M112 V; (C) H111A/M112 V; (D)M109F; (E)M112 V; (F)M109F/H111A. The final concentration of the peptide was 50 μM.
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peptides used in this work because of their lack of fluorescent
residue. In order to observe the binding kinetics, the experiments
were carried out by mixing three platinum complexes with
M109F/M112 V, respectively. The results showed that the
fluorescence intensity for Pt(bpy)Cl2 stabilized within a very
short equilibrium time, whereas the variation of fluorescence
intensity for cisplatin and carboplatin was prolonged to almost
2 h (Figure S9, Supporting Information). The observed Kd value
was (6.2± 1.4) × 10−6 M for Pt(bpy)Cl2 to the peptide M109F/
M112 V, andKd was (6.4± 1.1)× 10−6 and (9.6± 1.2)× 10−6 M
for Pt(bpy)Cl2 to M109F and M109F/H111A, respectively.
However, the Kd values of cisplatin and carboplatin with the
peptides were not provided because of their slow reaction.
Aggregation Inhibition Induced by Platinum Com-

plex−ThT Assay of Prion Peptides. PrP106−126 is essential
to PrPSc aggregation, which is correlated with the neurotoxicity of
prion proteins. The aggregation of PrP106−126 can be
monitored by a ThT assay, as noted in earlier reports.56,57 In
order to assess the influence of platinum complexes on the ThT

fluorescence, a control experiment was performed. The result
showed that platinum complexes had little impact on the ThT
fluorescence (Figure S10, Supporting Information). Figure 6
and Figure S11 (Supporting Information) show the change in
fluorescence signal when serial platinum complexes were added
to the peptides. The ThT fluorescence intensity decreased after
platinum complexes were incubated with prion peptides,
suggesting that fibril formation was inhibited. PrP106−126
aggregation was more effectively inhibited by Pt(bpy)Cl2, with
an IC50 value of 32 ± 4 μM. By comparison, cisplatin and
carboplatin inhibited the peptide relatively more weakly than
Pt(bpy)Cl2, with IC50 values at 52 ± 5 and 113 ± 10 μM,
respectively. The platinum complexes exhibited similar fluo-
rescence quenching to the mutant peptides H111A and M109F/
M112 V, where the ThT fluorescence intensity also decreased
after the peptide was incubated with platinum complexes.
Table 3 shows a concrete description of the IC50 value for the
inhibitory effect of platinum complexes on amyloidogenic prion

Figure 3. ESI-MS spectra of PrP106−126mutants in the presence of double amounts (molar ratio) of cisplatin; (from left to right and top to bottom): (A)
H111A; (B) M109F/M112 V; (C) H111A/M112 V; (D)M109F; (E) M112 V; (F) M109F/H111A. The final concentration of the peptide was 50 μM.
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peptides. The short 14aa peptides could not self-aggregate; thus,
no data are provided for them.

AFM Images of Prion Peptide Aggregation. AFM was
performed to verify if the platinum complexes affect peptide
aggregation and fibril formation. The average result of the three
experiments was described. The aggregates formed by PrP106−
126 had a dense fibrillar structure (Figure 7A), which suggested
a strong aggregation state after 24 h of incubation at 310 K.
However, AFM micrographs of PrP106−126 in the presence of
platinum complexes showed that such aggregation was reversed.
Pt(bpy)Cl2 influenced PrP106−126 aggregation more effectively
than cisplatin and carboplatin (Figure 7B−D). The fibrils formed
by H111A differed in terms of shape and morphology from those
of PrP106−126, and the inhibitory effect of Pt(bpy)Cl2 was
stronger than those of the other complexes (Figure 8). The
aggregates formed by M109F/M112 V showed aggregation
stronger than that of H111A but weaker than that of PrP106−
126. Pt(bpy)Cl2 changed the aggregates to short hairlike
filaments, whereas cisplatin and carboplatin did not reverse theT
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Figure 4. 1H NMR spectra of 0.5 mM PrP106−126 in H2O/d6-DMSO
at pH of 5.7 and 298 K: (A) PrP106−126 alone; (B−D) PrP106−126 in
the presence of an equimolar amount of Pt(bpy)Cl2 (B), 2.0 equiv of
cisplatin (C), and 5.0 equiv of carboplatin (D). The peak marked with a
solid circle at 2.08 ppm is from aCεHs group of methionine and the peak
marked by an inverted triangle at 7.08 ppm is from the CδHs of His111.
The peak of 1.86 ppm in D is from carboplatin.

Figure 5. Intrinsic fluorescence spectra of M109F/M112 V (black),
M109F (red), and M109F/H111A (green) plotted at 287 nm on
titration with Pt(bpy)Cl2. The concentration of the peptide was 100 μM.
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aggregation effectively (Figure S12, Supporting Information).
The results of AFM images agreed with those of the ThT assay.
Neurotoxicity of PrP106−126 Regulated by Platinum

Complexes. Platinum complexes can bind with prion neuro-
peptide PrP106−126 and its mutants and modify their
aggregation behavior significantly. The ability of platinum
complexes to reduce the neurotoxicity of PrP106−126 was
assessed using human SH-SY5Y neuroblastoma cells. Cell
survival was evaluated after treating the SH-SY5Y cells with
the peptide alone or with the peptide and platinum complex
together. In comparison with the control sample, PrP106−126

caused a remarkable decrease of cell viability to 36%, as measured
by an MTT assay. The addition of Pt(bpy)Cl2 to PrP106−
126 increased the cell viability to 66% (Figure 9), whereas for
cisplatin and carboplatin, the cell viability of SH-SY5Y reverted to
68% and 54%, respectively. Notably, the self-toxicity of the three
platinum complexes to SH-SY5Y cells was not high (Figure S13,
Supporting Information), but they may restore the neurotoxicity
induced by PrP106−126 effectively.

■ DISCUSSION
PrP106−126 is an acceptable model for research of PrPSc because
of their similar physicochemical and biological properties. A
number of potential reagents have been studied to inhibit the
aggregation and neurotoxicity of PrP106−126 in various ways,
which include small organic molecules, inorganic metal
complexes, and mimical chaperones. However, great efforts
must be exerted to unravel the interaction mechanism of in-
hibitors with prion peptides to design and develop potential
drugs against prion disease. The present work focuses on
platinum complexes with different ligand configurations that

Figure 6. (A) Evaluation of the ability of Pt(bpy)Cl2 (red), cisplatin (blue), and carboplatin (green) to inhibit the aggregation of PrP106−126. The
concentration of the platinum complexes was 100 mM. (B) Ability of cisplatin to inhibit the aggregation of PrP106−126 (black), H111A (green), and
M109F/M112 V (red) measured by a thioflavin T (ThT) fluorescence assay.

Table 3. IC50 Values for the Inhibition of Aggregation of
Platinum Complexes on PrP106−126 and Its Mutants
Measured with ThT Fluorescence

Pt(bpy)Cl2 cisplatin carboplatin

PrP106−126 32 ± 8 52 ± 5 113 ± 10
H111A 29 ± 3 56 ± 6 72 ± 7
M109F/M112 V 27 ± 3 56 ± 9 102 ± 14

Figure 7. Atomic force microscopy images of PrP106−126 in the
absence (A) and in the presence of an equimolar amount of Pt(bpy)Cl2
(B), a double amount of cisplatin (C), and a quintuple amount of
carboplatin (D). The peptide concentration for the final assay was 10 μM.

Figure 8. Atomic force microscopy images of peptide H111A in the
absence (A) and presence of an equimolar amount of Pt(bpy)Cl2 (B), a
double amount of cisplatin (C), and a quintuple amount of carboplatin
(D). The peptide concentration for the final assay was 10 μM.
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inhibit the amyloidogenic properties of PrP106−126 and its
mutants. The interaction between platinum complexes and the
prion peptides relied on the peptide sequence, the molecular
structure of metal complexes, and the methionine residue, which
was a preferential site for the platinum complexes.
Characteristic Binding Modes of Platinum Complexes

with Prion Peptides.Cisplatin and carboplatin are well-known
metallo-pharmaceutical drugs for cancer treatment.38,40,58 The
mechanism of the two reagents appears to bind to cellular DNA,
resulting in selective inhibition of new DNA synthesis.58

However, they may also bind with proteins such as albumin
and γ-globulin, which induce harmful side effects.41−44 Cisplatin
binds human serum albumin through the polypeptide C−N,
CO, and sulfur donor groups, which ultimately changes the
secondary structure of HSA.43 Cisplatin and carboplatin were
used in this study to determine if a different ligand configuration
could affect the biophysical properties of PrP106−126 and its
mutants, in comparison with aromatic Pt(bpy)Cl2. The binding
modes of different platinum complexes with prion peptides were
determined through MS and NMR spectroscopy.
Evaluation of ESI-MS data illustrated that platinum complexes

may coordinate with the peptide only if the methionine residue is
situated in the peptide sequence. Earlier reports showed that
Pt(bpy)Cl2 platinates with PrP106−126 in the form of
“Pt(bpy)”, referring to the split of two chlorines and the retain-
ment of the bipyridine ligand.32 The 1HNMR result showed that
Pt(bpy)Cl2 may be bound to side-chain nitrogen and sulfur
atoms of His111 and Met109/112, as remarkable changes in the
characteristic peaks were observed. In the case of cisplatin, it
bound to PrP106−126 as [PrP106−126+PtCl(NH3)], indicat-
ing the coordination of the central ion with the peptide, which
was also verified by an NMR assay. In contrast, carboplatin bound
to the peptide with an intact molecule, indicating a binding mode
different from that of Pt(bpy)Cl2 and cisplatin. The negligible
change of His111 CδHs and Met CεHs also implied a different
binding mode in comparison with the other two complexes.
Different kinds of nonbonded interactions were assumed. To

further elucidate the binding reactions of platinum complexes

with prion peptides, six other peptides in which the residues
Met109, His111, and Met112 selectively mutated were chosen
for the purpose. From the ESI-MS spectra, we may deduce that
H111A bound Pt(bpy)Cl2 in the same way as PrP106−126. In
contrarst, the mutants M109F/M112 V and M109F both bound
the complex in the form of [peptide+Pt(bpy)Cl2], whereas
M112 V andM109F/H111A bound Pt(bpy)Cl2 in the same way
as for native PrP106−126 and H111A. Moreover, the changes of
His111 CδHs and Phe109 CδHs observed in the NMR spectrum
of peptide M109F/M112 V might be attributed to coordination
of Pt(bpy)Cl2 with the residues, though the bound species were
not detected in MS. Similarly, when cisplatin bound to M112 V
and M109F/H111A in a nonbonded mode, the unconspicuous
change of Met peak was also observed, as shown in Figures S7
and S8 (Supporting Information).
The diversity may have been contributed by the common

difference of the peptide sequence and the specific coordinating
tendency of platinum. For the complexes Pt(bpy)Cl2 and
cisplatin, the noncovalent binding may depend on the peptide
sequence, because coordination is more preferable if Met109 or/
and Met112 exist in the peptide sequence. NMR data also
showed that the absence of Met112 would make cisplatin less
inclined to coordinate with the peptide (Figure S7, Supporting
Information). In contrast, the complex carboplatin bound all the
peptides in an intact form. This may result from its unique ligand
configuration and a very slow dissociation of the complex in
solution. It is likely that carboplatin interacted with peptides
before it underwent hydrolysis. Comparing the current applied
peptide sequence with MS and NMR data, we could make a
preliminary speculation that platinum complexes are inclined to
coordinate the methionine residue, especially Met112. Another
speculation is that the presence of His111 may help Pt(bpy)Cl2
coordinate with peptides, although His111 is more important for
the binding of gold complexes to PrP106−126.33
The incubation of cisplatin with the six mutant peptides

further supported the speculation above. Cisplatin coordinated
with the peptides PrP106−126 and H111A, whereas it bound to
other peptides in the same way as carboplatin did in an intact
combined molecule. This finding suggested that cisplatin co-
ordinated with the peptide mainly by residue Met109 and/or
Met112, but not His111 in advance. Although cisplatin
platinated HSA in the positions of Cys, Met, Tyr, and Asp
residues,41 and other studies have demonstrated that both
cisplatin and carboplatin could bind CδH and CεH of His15 in
hen egg-white lysozyme (HEWL),45−48 the present work
elucidated that the His residue showed a weaker coordinating
ability in comparison with Met residue among the currently
applied prion peptides.

Different Binding Affinities of Platinum Complexes
with Prion Peptides. Pt(bpy)Cl2 bound to PrP106−126 and
H111A through a coordinated interaction with release of free
chlorines. The central platinum ion possibly coordinated with
the sulfur of Met109/112 and side-chain nitrogen of His111, as
indicated by NMR data. For effective detection of cisplatin
reacting with H111A in double amounts in MS experiments, the
new bound species [H111A+PtCl(NH3)] may have also been
caused by its covalent binding with the peptide but had weaker
binding affinity than Pt(bpy)Cl2. However, cisplatin bound to
the other peptides in a new manner, wherein no atom was
released from the complex. This finding elucidated that
noncovalent binding existed during the binding process. A
quintuple amount of carboplatin also bound to all the peptide
species in the form of intact molecules. Amine ligands in

Figure 9. Effect of platinum complexes on the neurotoxicity of PrP106−
126. Cell viability was determined by an MTT assay. The data represent
the average of four experiments. Incubation of platinum complexes with
PrP106−126 inhibited the cellular toxicity of the peptide.
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carboplatin are considered “non-leaving” ligands or inactive
ligands owing to the established sequence of metal−ligand bond
strength.40 Thus, the binding affinity between carboplatin and
the peptide was further weakened.
The binding affinity between the platinum complexes and the

peptides was further estimated by an intrinsic phenylalanine
fluorescence quenching assay. In comparison with MS and NMR
data, we know that the binding of Pt(bpy)Cl2 to those peptides
was contributed by both metal coordination and a nonbonded
interaction. The binding kinetics of cisplatin/carboplatin with
the peptide showed a slow reaction, and the binding was
contributed mainly by a nonbonded interaction, as reflected by
MS analysis. Perhaps the binding mode was affected by the
dissociation rate of the ligand in solution as well as the peptide
sequence.
Effective Inhibition of Platinum Complexes on

Aggregation of Prion Peptides. A possible pathogenesis of
prion disease is the infection of PrPSc with cellular PrPC. Thus,
resistance of PrPSc formation and inhibition of its aggregation are
crucial. The C-terminal hydrophobic residues are mainly
responsible for the peptide aggregation. Comparing the
aggregation behavior of WT PrP106−126, H111A, and
M109F/M112 V (Figures 7, 8 and Figure S12 (Supporting
Information)), we may find that the mutant H111A could still
aggregate into fibrils with the existence of Met109 and Met112,
but with a weaker extent of aggregation ability thanWTPrP106−
126. This means that His111 has a vital impact on the peptide
aggregation. For the mutant M109F/M112 V, the aggregation
ability was not obviously weakened in comparison with the WT
peptide. This indicates that existence of Met residues correlate
with the peptide aggregation to some extent.
A bold assumption was made: namely, the interaction between

platinum complexes and pathological proteins could control the
behavior of the proteins. An AFM assay shed light on the effective
role of platinum complexes in inhibiting the aggregation of prion
peptides. The complex Pt(bpy)Cl2 could reverse the aggregated
PrP106−126 into scattered oligomers under equivalent mixing.
By comparison, cisplatin affected the peptide fibril at a lower level
even at a double amount, as long hairlike fibrils could still be ob-
served. When a quintuple amount of carboplatin was incubated
with the peptide, the inhibitory effect was relatively stronger than
that of cisplatin when protofibrils were detected.
The mutant 21aa peptide H111A could self-aggregate, and an

aggregation state weaker than that of PrP106−126 was shown.
Pt(bpy)Cl2 reversed the aggregation of H111A to the greatest
extent, with only a few oligomers observed. However, the
inhibitory effect of cisplatin and carboplatin on the aggregation of
H111A decreased more noticeably than that of Pt(bpy)Cl2. The
binding affinity and inhibitory effect of the complexes did not
seem to coordinate with that of peptide H111A. This conflict
may have been driven by the small ligand of cisplatin, which had
less contribution to the aggregation properties of H111A than
Pt(bpy)Cl2. When cisplatin was applied to another 21aa peptide,
M109F/M112 V, the self-aggregation degree was weaker
than that of PrP106−126 but stronger than that of H111A.
The inhibition of Pt(bpy)Cl2 and cisplatin on the aggregation of
M109F/M112 V was not obvious because of its small oligomer
state, but tiny scattered fibrils of the peptide were observed.
Another similarity between H111A andM109F/M112 V was the
weaker inhibitory effect of carboplatin in comparison with the
two other complexes.
With regard to the peptide sequence, the results indicated

that His111 and Met109/112 are important residues for

PrP106−126. The lack of C-terminals also led to the inability
of prion peptide aggregation. Aromatic Pt(bpy)Cl2 showed
better inhibition on the aggregation of prion peptides through
mainly metal coordination. The ligand configuration influenced
the inhibitory effects by the ligands’ “inactive” behavior, as seen
in carboplatin. On the other hand, it should be noted that both
coordination and nonbonded interactions contribute to the
inhibition of peptide aggregation. Cisplatin and carboplatin
primarily bind to the peptides by nonbonded interactions, and
their inhibitory effects on peptide aggregation are weaker than
that of Pt(bpy)Cl2.

Regulation of Platinum Complexes on Neurotoxicity
of PrP106−126. PrP106−126 drastically reduces the cell
viability in primary cultures of hippocampal, cortical, and
cerebellar neurons.11,59 Treatment of PrP106−126 with human
SH-SY5Y cells induces a concentration- and time-dependent
decrease of the number of active neuroblastoma cells.60−62 In the
present study, the cell death induced by PrP106−126 (100 μM)
after 4 days of treatment with the hSH-SY5Y cells was 37%,
similar to previous reports.60−62 Under the same incubation
conditions, the addition of Pt(bpy)Cl2 rescued the neurotoxicity
of PrP106−126 by up to 30%, and the final cell viability was 66%.
Cisplatin reversed the toxicity of the peptide to 68%, better than
that of carboplatin (54%), which may be attributed to a different
binding affinity with the peptide. Although the regulatory ability
of Pt(bpy)Cl2 on the neurotoxicity of PrP106−126 was
comparable with that of cisplatin, it is still one of the potential
inhibitors, given its great binding affinity and better inhibitory
effect on peptide aggregation.
In summary, the present study showed that platinum

complexes could bind to prion peptides through coordination
and nonbonded interactions. A comparison of the binding
affinity among different peptides indicated that methionine
residue, rather than histidine residue, was preferred over the
platinum complexes, representing a sulfophile characteristic of
platinum. The inhibitory effects of platinum complexes on the
aggregation and neurotoxicity behavior of prion peptides were
also identified. The results revealed that a different ligand
configuration is crucial for both the binding affinity and the
inhibition of peptide fibril formation, and metal complexes are
particularly promising as potential drugs against prion disease.
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