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Abstract: The aggregation of R-synuclein (AS) is a critical step in the etiology of Parkinson’s disease (PD)
and other neurodegenerative synucleinopathies. Protein-metal interactions play a critical role in AS
aggregation and might represent the link between the pathological processes of protein aggregation and
oxidative damage. Our previous studies established a hierarchy in AS-metal ion interactions, where Cu(II)
binds specifically to the protein and triggers its aggregation under conditions that might be relevant for the
development of PD. In this work, we have addressed unresolved structural details related to the binding
specificity of Cu(II) through the design of site-directed and domain-truncated mutants of AS and by the
characterization of the metal-binding features of its natural homologue �-synuclein (BS). The structural
properties of the Cu(II) complexes were determined by the combined application of nuclear magnetic
resonance, electron paramagnetic resonance, UV-vis, circular dichroism spectroscopy, and matrix-assisted
laser desorption ionization mass spectrometry (MALDI MS). Two independent, noninteracting copper-binding
sites with significantly different affinities for the metal ion were detected in the N-terminal regions of AS
and BS. MALDI MS provided unique evidence for the direct involvement of Met1 as the primary anchoring
residue for Cu(II) in both proteins. Comparative spectroscopic analysis of the two proteins allowed us to
deconvolute the Cu(II) binding modes and unequivocally assign the higher-affinity site to the N-terminal
amino group of Met1 and the lower-affinity site to the imidazol ring of the sole His residue. Through the
use of competitive chelators, the affinity of the first equivalent of bound Cu(II) was accurately determined
to be in the submicromolar range for both AS and BS. Our results prove that Cu(II) binding in the C-terminal
region of synucleins represents a nonspecific, very low affinity process. These new insights into the
bioinorganic chemistry of PD are central to an understanding of the role of Cu(II) in the fibrillization process
of AS and have implications for the molecular mechanism by which BS might inhibit AS amyloid assembly.

Introduction

Parkinson’s disease (PD), the second most common neuro-
degenerative disorder, is associated with the degeneration of

dopaminergic neurons in the substantia nigra pars compacta.1

One of the pathological hallmarks of PD and related synucle-
inopathies is the presence of intracellular inclusions called Lewy
bodies that consist of aggregates of the presynaptic soluble
protein R-synuclein (AS).2,3 Since this discovery, the process
of AS aggregation has been proposed to underlie dopaminergic
degeneration in PD.3 Therefore, delineating the mechanism of† Universidad Nacional de Rosario.
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AS aggregation and its pathophysiological role in neurodegen-
eration has been the focus of many investigations.4-7

Structurally, AS comprises 140 amino acids distributed in
three different regions: the amphipathic N-terminus (residues
1-60), showing the consensus repeats KTKEGV and involved
in lipid binding; the highly hydrophobic, self-aggregating
sequence known as NAC (residues 61-95), which is presumed
to initiate fibrillation;8 and the acidic C-terminal region (residues
96-140), which is rich in Pro, Asp, and Glu residues and critical
for blocking rapid AS filament assembly.4,6 In its native
monomeric state, AS adopts an ensemble of conformations with
no rigid secondary structure, although long-range interactions
have been shown to stabilize an aggregation-autoinhibited
conformation.9-14 The precise function of AS is unknown, as
are the mechanism(s) underlying the structural transition from
the innocuous, monomeric conformations of AS to its neurotoxic
forms.

There is now increasing evidence that altered metal homeo-
stasis may be involved in the progression of neurodegenerative
diseases.15-19 Protein-metal interactions appear to play a
critical role in protein aggregation and are therefore likely to
provide a link between the accumulation of aggregated proteins,
oxidative damage of the brain, and neuronal cell loss.20-24

Interestingly, copper has been implicated in Creutzfeldt-Jakob
disease,25-28 whereas recent studies emphasize the role of
copper, iron, and zinc as contributors to both amyloid A�

assembly in vitro and the neuropathology of Alzheimer’s disease
(AD).25,29-34 High levels of copper, zinc, and iron were also
found in and around amyloid plaques of AD brains.35 Further-
more, coordination environments for Cu(II) complexes in the
amyloid precursor protein, the amyloid A� peptide, and the prion
protein have been very well characterized by several biophysical
and structural studies.28,34,36-46 Detailed knowledge of the
structural and binding features of relevant metal ions as well as
the mechanism by which these metal ions might participate in
the fibrillization of these proteins has contributed to the design
of a new therapeutical scheme based on the development of
metal ion chelators.17,19

The role of metal ions in AS amyloid assembly and
neurodegeneration is also becoming a central question in the
pathophysiology of PD. Iron deposits have been identified in
Lewy bodies in the substantia nigra,47 and elevated copper
concentrations have been reported in the cerebrospinal fluid of
PD patients.48 In addition, individuals with chronic industrial
exposure to copper, manganese, or iron have an increased rate
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of PD,49 whereas metal ions such as aluminum, copper, and
iron have been shown to bind AS and accelerate its fibrillation
in vitro.20,50-52 The lack of experimental evidence proving a
relationship between metal-binding affinity and aggregation
enhancement prompted us to perform a detailed structural
characterization of metal-AS interactions. In that work, we
showed that Cu(II) binds specifically to AS and is effective in
accelerating aggregation at physiologically relevant concentra-
tions.53 NMR mapping revealed that the most affected regions
were located at the N-terminus, comprising the stretch of
residues 3VFMKGLS9 and the His within the sequence 48VVH-
GV52,53 in line with several studies supporting a role for His
residues as metal-anchoring sites in other amyloidogenic
proteins.36-46 A clear effect was also observed at the C-terminus
of AS, 119DPDNEA124, but only at higher Cu(II) concentrations.
A comparative analysis with other divalent metal ions revealed
a selective effect of AS-metal interactions on AS aggregation
kinetics, dictated by structural factors corresponding to different
protein domains.54

Advances in the bioinorganic chemistry of PD require the
details of binding specificity of Cu(II) to AS to be known (i.e.,
the identity of the high-affinity binding site and the nature of
the anchoring residues) and the mechanism through which the
metal ion participates in fibrillization events to be better
understood. To address such important, unresolved issues, we
designed site-directed and domain-truncated mutants of AS and
performed comparative experiments on the nonamyloidogenic
AS homologue �-synuclein (BS). The structural and dynamic
properties of BS in solution have been elucidated recently by
us and others using NMR spectroscopy,55,56 whereas its metal-
binding features have remained unexplored. The protein BS
constitutes a useful and naturally occurring model for under-
standing the structural factors modulating Cu(II) binding to AS
and elucidating details of the binding sites in the full-length

protein, for the following reasons: (1) BS shows a high degree
of homology with AS, particularly at the N-terminal region,57

where specific Cu(II) binding occurs (Figure 1); (2) the sole
His residue is shifted from position 50 in AS to position 65 in
BS; (3) BS lacks the long-range interactions involving N- and
C-terminus and NAC and C-terminus contacts, respectively, that
are present in AS;55 and (4) BS lacks the central hydrophobic
NAC sequence, a region that does not bind Cu(II) in AS,
rendering the protein nonamyloidogenic and therefore avoiding
experimental problems derived from protein aggregation. Be-
sides the sequence homology, BS was shown to be colocalized
with AS at the presynaptic terminals of dopaminergic neurons58

and to inhibit AS fibrillation in vivo.59 However, the mecha-
nism(s) through which BS might inhibit AS aggregation are
still unclear, adding more biological implications to our
investigation.

In the present work, we performed a thorough spectroscopic
characterization of the AS- and BS-Cu(II) complexes. Two
independent, noninteracting copper-binding sites with significant
differences in their binding affinities were identified in the
N-terminal regions of both AS and BS. A comparative analysis
of the two proteins allowed us to deconvolute the two Cu(II)
binding sites along with their binding modes and affinity
features. Using a mass spectrometry (MS)-based approach, we
obtained unique evidence for the involvement of Met1 as the
primary anchoring residue for Cu(II) in both BS and AS. A
second, lower-affinity binding motif for Cu(II) is centered at
position 50 in AS and 65 in BS, corresponding to the location
of the sole His residue in the primary sequence of these proteins.
In contrast, Cu(II) binding in the C-terminal region of synucleins
represents a nonspecific, very low affinity process. Our results
conclusively show that AS and BS are able to bind Cu(II) ions
with affinities in the submicromolar range. This knowledge is
central to an understanding of the role of Cu(II) in the
fibrillization process of AS and might shed light on the
molecular basis for the antiamyloidogenic effect of BS.

Experimental Section

Proteins and Reagents. Unlabeled and 15N-labeled BS, AS, and
truncated (1-108) AS were prepared as previously described.4 The
H65A BS and H50A AS mutants were constructed using the Quick-
Change site-directed mutagenesis kit (Stratagene) on BS and AS
sequence-containing plasmids. The introduced modifications were
further verified by DNA sequencing. Purified proteins were dialyzed
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Figure 1. Alignment of the AS and BS amino acid sequences, displaying the absence of the central hydrophobic NAC region in BS and a shorter C-terminus
in AS. Letters shaded in blue indicate amino acids that are different in the two proteins. Histidine residues are highlighted in green.
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against buffer A (20 mM MES, 100 mM NaCl, pH 6.5) or buffer
B (20 mM MOPS, 100 mM NaCl, pH 7.5) supplemented with
Chelex (Sigma). Protein modification with diethyl pyrocarbonate
(DEPC) was performed by reacting the protein with a 5-fold molar
excess of DEPC (Sigma) at room temperature for 30 min.60

Modification yields were >95%. In some experiments, prior to
DEPC modification, samples were incubated with a 10-fold molar
excess of CuSO4 at room temperature for 30 min. CuSO4, NiSO4,
MnCl2, CoCl2, and FeCl2 salts of the highest purity available were
purchased from Merck or Sigma. 15NH4Cl and D2O were obtained
from Cambridge Isotope Laboratories (Andover, MA). Chro-
mophoric chelator Mag-Fura-2 (MF) was obtained from Molecular
Probes (Eugene, OR).

Electronic absorption, circular dichroism (CD), and NMR
spectroscopy measurements were performed at 15 °C. Aggregation
of 100-300 µM samples of AS in buffer A or B did not occur
under these low-temperature conditions in the absence of stirring.

MALDI-TOF Mass Spectrometry. Enzymatic digestion was
carried out by incubation of recombinant proteins with trypsin
(Promega) in 50 mM ammonium bicarbonate, pH 6.5, for 2 h at
35 °C [enzyme/substrate ratio 1/20 (w/w)] in order to preserve
N-carbethoxyhistidyl derivatives, which decompose at higher pH
values. Digestion mixtures were further desalted using POROS 10
R2 (Applied Biosystems) homemade microcolumns. The peptides
were washed with 0.1% trifluroacetic acid and then eluted directly
into the mass spectrometer sample plate with 2 µL of matrix solution
(R-cyano-4-hydroxycinnamic acid in 60% aqueous acetonitrile
containing 0.2% trifluoroacetic acid).

Molecular masses of native and modified proteins were deter-
mined in a Voyager DE-PRO matrix-assisted laser desorption
ionization-time of flight (MALDI-TOF) instrument (Applied
Biosystems) equipped with a nitrogen laser (337 nm), using
sinapinic acid (10 mg/mL in 50% aqueous acetonitrile containing
0.2% trifluoroacetic acid) as the matrix. External calibration was
performed with cytochrome c as the standard. Mass spectra of
digestion mixtures were acquired in a 4800 MALDI TOF/TOF
instrument (Applied Biosystems) in reflector mode and were
externally calibrated using a mixture of peptide standards (Applied
Biosystems). In some cases, internal mass calibration was also
performed using characterized peptides present in tryptic mixtures
of wild-type (wt) proteins. For the identification of modified
residues, collision-induced dissociation MS/MS experiments were
performed.

NMR Spectroscopy. NMR spectra were acquired on a Bruker
Avance II 600 MHz spectrometer using a triple-resonance probe
equipped with z-axis self-shielded gradient coils. All of the NMR
experiments were performed with pulsed-field gradient-enhanced
pulse sequences on 100 µM 15N-labeled protein samples in buffer
A at 15 °C.

1H-15N heteronuclear single-quantum correlation (HSQC) amide
cross-peaks affected during titrations with metal ions were identified
by comparing their intensities (I) with those of the same cross-
peaks (I0) in the data set of samples lacking Cu(II). The I/I0 ratios
of 95-105 nonoverlapping cross peaks were plotted as a function
of the protein sequence in order to obtain the intensity profiles.
Acquisition, processing, and visualization of the spectra were
performed using TOPSPIN 2.0 (Bruker), NMRPipe,61 and Sparky,
respectively.

EPR Spectroscopy. Protein samples for electron paramagnetic
resonance (EPR) spectroscopy were prepared in buffer A with 50%
glycerol to achieve adequate glassing. Protein concentrations were
on the order of 500-700 µM. X-band EPR spectra were collected
using a Bruker EMX spectrometer, ER 041 XG microwave bridge,
and ER 4102ST cavity. The following conditions were used:

microwave frequency, 9.4 GHz; temperature, 77 K; microwave
power, 10 mW; modulation amplitude, 5 G; modulation frequency,
100 kHz; time constant, 327 ms; conversion time, 82 ms; and
averaging over 12 scans. EPR spectra were baseline-corrected and
simulated using WinEPR SimFonia (Bruker).

CD Spectroscopy. CD spectra were acquired with a JASCO
J-800 spectrapolarimeter. Cu(II) titration experiments were per-
formed at 15 °C on samples containing 300 µM protein in buffer
A or B. A 1 cm path length cell was used to record data between
210 and 800 nm with a 2 nm sampling interval. At least five scans
were recorded, and the baseline spectrum was subtracted from each
spectrum. Data were expressed as difference circular dichroism (∆ε)
per molar concentration of protein. To determine the affinity features
of the Cu(II)-BS complex, DynaFit62 was used to simultaneously
fit changes in the CD bands in the 300-600 nm range with
increasing Cu(II) concentration to a model incorporating complexes
of Cu(II) in two classes of independent, noninteractive binding sites
(with dissociation constants Kd1 and Kd2) per protein molecule:

Cu(II)-BSa
Kd1

BS+Cu(II) (1)

[Cu(II)]2-BSa
Kd2

Cu(II)-BS+Cu(II) (2)

Electronic Absorption Spectroscopy. The affinity features of
Cu(II) binding to the wt species of BS and AS and their mutant
forms H65A BS and H50A AS also were determined using
electronic absorption spectroscopy in competition experiments
involving the chromophoric metal ligand MF. Spectra were recorded
at 15 °C using a JASCO V-550 spectrophotometer. The indicator
MF was first titrated with Cu(II), and changes in absorbance at
363 nm with added metal were fit using DynaFit to obtain the
dissociation constant of Cu(II) from its complex with MF (KMF) in
buffer A; a KMF value of 5.0 ( 0.5 nM was obtained. Afterward,
a solution of 0.5 µM MF in buffer A was titrated with Cu(II) in
the presence of 5-20 µM of protein under the same experimental
conditions. The changes in absorbance at 363 nm with added metal
that were obtained from experiments carried out with two different
protein (Syn) concentrations were fit to a model that assumed
binding of 1 equiv of Cu(II) in the submicromolar range:

Cu(II)-MF a
KMF

Cu(II)+MF (3)

Cu(II)-Syna
Kd1

Syn+Cu(II) (4)

Results and Discussion

MALDI MS of DEPC-Modified and Cu(II)-Protected BS
and AS: Location of the Metal-Anchoring Residues. Wild-type
BS and its His mutant H65A were used to explore the feasibility
of mapping copper-binding sites by protection from DEPC
modification and subsequent MALDI MS analysis. To perform
a comparative analysis, AS and its H50A mutant were also
studied using this approach.

DEPC is a chemical that has been widely used as a protein-
modification reagent that is capable of reacting with histidine
residues to produce N-carbethoxyhistidyl derivatives. This
molecule can also react with other nucleophilic residues,
including cysteinyl, arginyl, and tyrosyl residues, as well with
R- and ε-amino groups.63 However, in contrast to arginine and
tyrosine (BS and AS lack Cys residues, as shown in Figure 1),
the imidazole ring and the R-amino groups are both known to
be copper-anchoring sites. In addition, many studies have
demonstrated that metal coordination to peptides or proteins
protects the involved amino acids from DEPC modification.60,64,65

(60) Qin, K.; Yang, Y.; Mastrangelo, P.; Westaway, D. J. Biol. Chem. 2002,
277, 1981–1990.

(61) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; Bax,
A. J. Biomol. NMR 1995, 6, 277–293.

(62) Kuzmic, P. Anal. Biochem. 1996, 237, 260–273.
(63) Miles, E. W. Methods Enzymol. 1977, 47, 431–442.
(64) Fukuda, H.; Paredes, S. R.; Batlle, A. M. Comp. Biochem. Physiol.,

Part B 1988, 91, 285–291.
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In our studies, the proteins were incubated in buffer A with or
without a 10-fold molar excess of Cu(II) for 30 min and then
reacted with a 5-fold molar excess of DEPC at room temperature
for 30 min prior to MALDI MS analysis.60

The average molecular masses [M + H+] determined for the
wt species of BS and AS were 14290.1 Da (calculated 14288.9)
and 14463.0 Da (calculated 14461.2), respectively (Figure 2A,
D). In the presence of DEPC, carbethoxylated species were
detected at m/z 14430.2, 14501.7, 14572.3, 14643.9, and 14717.9
for BS and 14610.0, 14682.3, 14754.0, 14820.9, and 14890.9
for AS (Figure 2B,E). On the basis of a predicted mass shift of
72 Da per DEPC adduct formed, these signals were assigned
to doubly, triply, quadruply, quintuply, and sextuply monocar-
bethoxylated products, respectively, with the most abundant ions
corresponding to the incorporation of three and four modifica-
tions. A distinct modification pattern was obtained for carbe-
thoxylated BS and AS formed after preincubation with Cu(II)
(Figure 2C,F). Under these conditions, the major species were
determined to be the starting wt proteins and the singly, doubly,
triply, and quadruply monocarbethoxylated products, with the
strongest signals corresponding to one and two modifications.
These results suggest the existence of six and four sites available
for DEPC modification in the untreated and Cu(II)-protected
samples, respectively. The detection of mass values correspond-
ing to the unmodified proteins in the Cu(II)-protected samples
and the fact that with Cu(II) protection the largest peaks
corresponded to species with one and two modifications (while
the strongest signals were attributed to three and four modifica-
tions in the unprotected samples) indicate that two residues
within BS and AS are protected from DEPC modification by
Cu(II). Similar copper-dependent changes were observed when
the experiments were performed on the C-terminal-truncated
variant of AS (1-108 AS) (Figure S1A-C in the Supporting
Information), indicating that the residues protected by Cu(II)
coordination are located in the N-terminal region of the protein.

To determine whether His is one of the anchoring residues
being protected by copper coordination, we repeated the
experiments on the H65A BS (m/z 14222.1; calculated 14222.8)

and H50A AS (m/z 14394.9; calculated 14395.1) mutant forms
(Figure 3A,D). After incubation with DEPC, singly, doubly,
triply, quadruply, and quintuply monocarbethoxylated species
were observed [m/z 14292.6, 14365.3, 14437.1, 14509.9, and
14577.6 in H65A BS and m/z 14465.0, 14535.3, 14605.0,
14675.9, and 14745.9 in H50A AS (Figure 3B,E)]. These data
are similar to those from the mass measurements for DEPC-
derivatized species of BS and AS reacted with DEPC, except
for the presence of the singly monocarbethoxylated species and
the fact that only five DEPC-modified sites were observed in
the mass spectra of the mutant proteins. Moreover, the maximum
mass signals corresponded to double and triple monocarbe-
thoxylation rather than to triple and quadruple monocarbethoxy-
lation as measured for the wt species. Whereas two residues in
wt BS and AS were protected from DEPC modification by
Cu(II), the results in Figure 3B,C,E,F reveal that only one
residue was protected by copper coordination in the H65A BS
and H50A AS proteins. Altogether, these results unequivocally
demonstrate that His is involved in Cu(II) binding to BS and
AS.

To delimit the position of the nonhistidine copper site at the
N-terminus of BS, tryptic digestion followed by MS was used
to detect peptide fragments and peptide-fragment adducts in
DEPC-modification and Cu(II)-protection experiments. Figure
4A-C shows the mass spectra of untreated, DEPC-modified,
and Cu(II)-protected digested BS samples, respectively, in the
range m/z 700-1600. Nine peptides (P1-P9) were detected in
the resulting analysis (Table 1 in the Supporting Information).
With the exception of peptides P1 and P8, no copper-dependent
changes were apparent in the mass spectra of these tryptic
peptides. By way of example, peaks at m/z values corresponding
to tryptic peptides P2 (aa 13-21), P3 (aa 35-43), P4 (aa
33-43), P5 (aa 46-58), and P6 (aa 44-58) appeared in the
mass spectra of untreated, DEPC-modified, and Cu(II)-protected
digested BS (Figure 4A-C, respectively). In addition, peaks at
m/z values corresponding to single monocarbethoxylation of
peptides P7 (aa 35-45) and P9 (aa 33-45) that were not
present in the mass spectra of the untreated digested samples
were observed in the tryptic digestion of both DEPC-modified
and Cu(II)-protected BS (Figure 4B,C, respectively). As men-(65) Li, C.; Rosenberg, R. C. J. Inorg. Biochem. 1993, 51, 727–735.

Figure 2. Effects of Cu(II) on DEPC modifications of the wt species of BS and AS. MALDI mass spectra of (A) untreated, (B) DEPC-modified, and (C)
Cu(II)-protected BS and of (D) untreated, (E) DEPC-modified, and (F) Cu(II)-protected AS are shown. See the text for details.
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tioned above, analysis of the N-terminal tryptic peptides P1 and
P8 revealed a clear protective effect of copper. Tryptic peptide
P1 containing the sequence 1MDVFMK6 was detected at m/z
770.36 in the mass spectrum of untreated digested BS, while
in the mass spectrum of the DEPC-modified digested protein,
this peak was replaced with a new peak at m/z 842.38,
corresponding to single monocarbethoxylation of P1. After
Cu(II) preincubation, the peak at m/z 770.36 was observed again,
concomitant with the disappearance of the peak at m/z 842.38.

In the case of the tryptic fragment P8, a peak at m/z 1501.71
was assigned to double monocarbethoxylation of the sequence
1MDVFMKGLSMAK12 in the mass spectrum of the DEPC-
modified digested protein, indicating the existence of two sites
available for DEPC modification in this peptide. When the mass
spectrum of the Cu(II)-protected digested BS was analyzed, a
peak at m/z 1429.70 corresponding to single monocarbethoxy-
lation of the sequence 1MDVFMKGLSMAK12 was detected,
indicating that one of the two DEPC-modified sites in the P8

Figure 3. Effects of Cu(II) on DEPC modifications of the His mutant species of BS and AS. MALDI mass spectra of (A) untreated, (B) DEPC-modified,
and (C) Cu(II)-protected H65A BS and of (D) untreated, (E) DEPC-modified, and (F) Cu(II)-protected H50A AS are shown. See the text for details.

Figure 4. Mapping of the Cu(II) binding sites in BS and AS by tryptic digestion and collision-induced peptide dissociation analysis. MALDI mass spectra
of the tryptic peptides obtained for (A) untreated, (B) DEPC-modified, and (C) Cu(II)-protected digested BS are shown. The m/z range (700-1600) excludes
the His-containing tryptic peptides. Panel (D) shows a scheme for nomenclature of the ions generated by CID of the sequence 1MDVFMK6. N-terminal
fragment ions (those containing the N-terminus of the peptide) are labeled with letter b, whereas C-terminal fragment ions (which contain the C-terminus
of the peptide) are labeled with the letter y. CID mass spectra of the tryptic peptide 1MDVFMK6 in (E) untreated and (F) DEPC-modified BS and AS
samples are also shown.
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fragment is protected by Cu(II). Overall, these results reveal
that the sequence 1MDVFMK6 coordinates specifically to Cu(II)
and protects one site in BS against DEPC modification.

Similar results were obtained when the experiments were
performed on AS samples (Figure S2A-C in the Supporting
Information), indicating that the sequence 1MDVFMK6 and the
His residue provide the primary binding sites for Cu(II) in this
protein also.

The identification of the copper-sensitive DEPC modification
site within the sequence 1MDVFMK6 (tryptic peptide P1) was
performed by collision-induced dissociation (CID) MS/MS
analysis on a MALDI TOF/TOF instrument. Under these
experimental conditions, fragmentation predominantly occurs
at peptide-bond-generating N-terminal (b) ions and C-terminal
(y) ions (Figure 4D). CID spectra of the sequence 1MDVFMK6

and its monocarbethoxylated counterparts are shown in Figure
4E,F. The MS/MS spectrum of the singly monocarbethoxylated
sequence 1MDVFMK6 showed the presence of a complete
unmodified y series (y1 to y5), whereas all of the b ions detected
(b2-b5) were modified, showing the mass increment expected
for singly monocarbethoxylated adducts. These results allow
us to unequivocally identify Met1 as the DEPC-modified residue
being protected by Cu(II) binding to the sequence 1MDVFMK6.
Additional evidence supporting this finding arose from the
analysis of the N-terminal tryptic peptide P8. In this case, two
sites were available for DEPC modification in the sequence
1MDVFMKGLSMAK12 and were identified by MS/MS analysis
as Met1 and Lys6 (data not shown). Furthermore, the results
clearly indicated that Lys6 is not protected by Cu(II) binding
to that region. The general fact that lysine modification prevents
tryptic cleavage might explain why the carbethoxylated fragment
P8 was observed in the mass spectrum of DEPC-modified
protein digestions but the native sequence was not detected in
untreated digested protein samples. In line with many studies
showing Cu(II) coordination at the N-terminal amino nitrogen
of peptides and proteins,45,66-68 our results demostrate that Met1
is the other residue directly involved in Cu(II) anchoring to BS
and AS.

Finally, the addition of up to six monocarbethoxylations per
protein molecule may reflect the involvement of modifications
on lysine or tyrosine residues. However, in contrast with the
results observed for the 1MDVFMK6 and His-containing
sequences, those residues were not protected by Cu(II) incuba-
tion, indicating that they do not participate directly in Cu(II)
coordination.

NMR Mapping of the Cu(II) Complexes: N-Terminal versus
C-Terminal Binding Interfaces. The details of Cu(II) binding to
the studied proteins were explored at single-residue resolution
by using NMR spectroscopy. A comparative analysis of the
results obtained here for BS, H65A BS, and H50A AS and those
reported previously for AS53,69 was performed.

1H-15N HSQC NMR spectra contain one cross-peak for each
amide group in the molecule (except those involving prolines)
and thus provide multiple probes for locating Cu(II)-binding
sites. The electron spin relaxation from the paramagnetic Cu(II)

results in the differential broadening of the amide resonances
linked to the paramagnetic center by through-bond or through-
space interactions, providing a means of mapping metal-binding
sites in the protein. We have successfully applied this strategy
in the structural characterization of complexes between AS and
divalent metal ions.53,54

A series of 1H-15N HSQC spectra of 100 µM BS at pH 6.5
were recorded in the presence of increasing concentrations of
Cu(II) (20-60 µM) (Figure 5A-C). As in the case of AS,
significant changes in cross-peak intensities occurred in the
N-terminal region of BS, with the strongest broadening effects
corresponding to residues 3-9 and 61-72 (residues 3-9 and
48-52 in AS were reported as being the most affected by Cu(II);
see ref 53 and the inset in Figure 5F). Residues in the region
15-45 were also affected, but to a lesser extent. The I/I0 profile
of the C-terminal region revealed substantial changes only at
higher Cu(II) levels, particularly in the region encompassing
residues Glu121 and Glu126 (a similar trend was observed in
AS53). NMR spectral changes induced by Cu(II) were abolished
upon EDTA addition, confirming the reversibility of Cu(II)
binding.53

The Cu(II) titration monitored by NMR showed that residues
3-9 (the amide resonances of residues 1 and 2 were not detected
because of solvent-exchange effects) and those encompassing
His65 in BS and His50 in AS were strongly perturbed, in line
with the MALDI MS data that attributes a direct role to the
R-amino group of Met1 and the imidazole ring of His as
anchoring residues for Cu(II) binding to the N-terminal region
of both proteins. Thus, we studied how DEPC modification
affects the Cu(II)-binding features of BS. Exposure to DEPC
abolished Cu(II) binding to the N-terminal region and shifted
the paramagnetic influence of Cu(II) to the C-terminal region
(Figure 5D), as manifested by substantial changes in cross-peak
intensities at Cu(II) concentrations as low as 20 µM. Under these
substoichiometric metal-to-protein conditions, the strongest
effects were centered on the amide groups of Glu121 and
Glu126, indicating that these residues may be the primary
binding sites for Cu(II) in the C-terminal region. The Cu(II)-
binding behavior monitored by NMR upon DEPC modification
of BS and the presence of a coordination site formed mostly
by carboxylate moieties are in agreement with a modest affinity
constant (in the millimolar range) for this process, as reported
for Cu(II) binding to the C-terminus of AS.53,54 The interaction
of BS with other divalent metal ions (Figure S3 in the
Supporting Information) revealed that Fe(II), Mn(II), Co(II), and
Ni(II) bind exclusively to the C-terminal region. Identical
behavior was observed in AS,54 demonstrating that metal
binding to the highly acidic C-terminus of these proteins is a
process characterized by very low selectivity and affinity.

In order to determine the implications of His replacement on
the Cu(II)-binding features in the N-terminal region, the I/I0

profile of the H65A BS mutant was measured (Figure 5E).
Comparison of this I/I0 profile to that of the wt species revealed
that the changes induced by Cu(II) in the region containing the
His residue were the only ones abolished upon mutation of this
site, confirming that His is the anchoring residue for Cu(II)
binding to this region of BS and demonstrating that the specific
Cu(II) sites in the N-terminal region of the protein constitute
independent motifs. Interestingly, identical behavior was ob-
served upon mutation of His 50 in AS (Figure 5F).

The results shown in this section confirm those observed by
MALDI MS and allow us to conclude that: (i) the N-terminal
region of BS is the high-affinity interface for Cu(II) binding;

(66) Syme, C. D.; Nadal, R. C.; Rigby, S. E.; Viles, J. H. J. Biol. Chem.
2004, 279, 18169–18177.

(67) Wells, M. A.; Jackson, G. S.; Jones, S.; Hosszu, L. L.; Craven, C. J.;
Clarke, A. R.; Collinge, J.; Waltho, J. P. Biochem. J. 2006, 399, 435–
444.

(68) Balakrishnan, R.; Ramasubbu, N.; Varughese, K. I.; Parthasarathy,
R. Proc. Natl. Acad. Sci. U.S.A. 1997, 94, 9620–9625.

(69) Sung, Y. H.; Rospigliosi, C.; Eliezer, D. Biochim. Biophys. Acta 2006,
1764, 5–12.
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(ii) the free amino group at the N-terminus and the imidazol
ring of the His residue are the primary anchoring groups for
Cu(II) binding to the protein; (iii) the Cu(II)-binding motifs in
the N-terminal region constitute separate, independent metal-
binding sites; (iv) the transient long-range interactions in AS
do not influence the binding preferences of Cu(II) at each site;
and (v) the binding of Cu(II) to the C-terminal region represents
a very low affinity (Kd in the millimolar range), nonspecific
process.

EPR Characterization of the BS-Cu(II) Complexes: Coordi-
nation Environments of the Different Metal-Binding Sites. The
titration of BS with Cu(II) followed by X-band EPR at pH 6.5
is shown in Figure 6A. As reported for AS, the Cu(II) complexes
of BS were also characteristic of type-2 Cu(II) proteins, with
g|. g⊥ . 2.0 and large parallel hyperfine splittings, indicative
of a dx2-y2 ground state. At least three different Cu(II) species
can be discerned from the EPR spectra on the basis of their
parallel g values and hyperfine splittings. The EPR spectrum
of the wt protein with 0.5 equiv of Cu(II) was dominated by a
signal with a parallel hyperfine splitting (Az) of 182 G, while a
smaller amount of a second species with Az ) 150 G was also
observed (Figure 6A, inset). Both signals grew upon further
additions of Cu(II). A third species, with Az ) 138 G, could be
distinguished from the spectra of the protein with 1.5 and 2.0
equiv of Cu(II).

In contrast to the case of the wt protein, titration of H65A
BS (Figure 6B) revealed only two coordination sites for Cu(II).
The EPR spectrum of the H65A protein with 0.5 equiv of Cu(II)
displayed only one species, with Az ) 182 G (Figure 6B, inset),
while the spectra of the 0.9 and 1.5 equiv samples exhibited a
second species, with Az ) 140 G. Comparison of the 0.9 and

1.5 equiv spectra clearly showed that the higher-affinity site in
the H65A protein (Az ) 182 G) became saturated after 1 equiv
of Cu(II) was added. This was particularly evident at the lowest-
field parallel hyperfine line (indicated by the arrow in Figure
6B).

Figure 5. I/I0 profiles of the 1H-15N HSQC NMR signals of the studied proteins in the presence of Cu(II). 1H-15N HSQC signals for 100 µM BS upon
addition of (A) 20, (B) 40, and (C) 60 µM Cu(II), for (D) 100 µM DEPC-modified BS upon addition of 20 µM Cu(II), and for 100 µM (E) H65A BS and
(F) H50A AS upon addition of 40 µM Cu(II) are shown. The inset in (F) displays the I/I0 profile for 100 µM AS upon addition of 60 µM Cu(II). All of the
experiments were carried out in buffer A.

Figure 6. X-band EPR spectra of (A) wt and (B) H65A BS with (dotted
black) 0, (blue) 0.5, (solid black) 0.9, (red) 1.5, and (green) 2.0 equiv of
Cu(II). Spectra were collected under the conditions specified in the
Experimental Section.
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Comparison of the EPR spectra of wt and H65A BS with
0.5 equiv of Cu(II) (Figure S4A in the Supporting Information)
clearly indicated that the Cu(II) coordination site with highest
affinity in the wt protein is preserved upon the H65A mutation.
The gz and Az values obtained for this high affinity site (gz ≈
2.250 and Az ) 182 G ≡ 191 × 10-4 cm-1) fell between the
range of values associated with small Cu(II) complexes with a
N2O2 coordination environment and the range associated with
anoxygen-rich(O4)site(Table2intheSupportingInformation).70,71

However, it was possible to resolve superhyperfine splittings
from nitrogen in the perpendicular region of the spectrum
(Figure S4A in Supporting Information), and these indicated
that the coordination environment of this high-affinity site must
be composed of a mixture of N- and O-based ligands. Since
the Cu(II) coordination environment described for this mutant
excludes the presence of His residues, it can only correspond
to the site identified by MALDI MS and NMR in the sequence
1MDVFMK6. Thus, according to this model, Met1 provides one
nitrogen ligand (the N-terminal NH2 group), whereas the other
nitrogen would come from the amide backbone of Asp2.72

Although the amide resonances of Met1 and Asp2 were not
detectable by NMR because of their fast exchange with the
solvent, the presence of a charge-transfer (CT) band in the CD
spectra of the Cu(II)-BS and Cu(II)-BS H65A complexes that
was assigned to the interaction between the metal ion and a

deprotonated amide group (Figure 7A,B) gives further support
to this hypothesis. The oxygen ligands would most likely be
provided by the carboxylate side chain of Asp2 and perhaps a
water molecule.72,73

Figure 6 clearly shows that the second Cu(II) coordination
site in wt BS, with Az ) 150 G, disappeared upon the H65A
mutation, implicating His65 in this coordination site. The
resolution of the EPR signal associated with this site was
complicated by its overlap with the signal of the highest-affinity
site and the appearance of a third signal after 1.5 equiv of Cu(II);
however, the parallel g and A values could be resolved (Figure
S4B in the Supporting Information). The gz and Az values
obtained (2.330 and 150 G ≡ 163 × 10-4 cm-1, respectively)
for the His65 coordination suggest a NO3 arrangement for this
Cu(II)-binding site (Table 2 in the Supporting Information).
His65 provides the nitrogen ligand, whereas the oxygen ligands
could be provided by water molecules and/or backbone carbo-
nyls from the peptide, although the carboxylate side chain of
the proximal Glu61 cannot be discarded.

Finally, the third Cu(II) coordination site identified in the
titration of the wt protein yielded a signal with Az ) 138 G
(Figure 6A), similar to that of the second species observed in
the H65A titration, for which Az ) 140 G (Figure 6B). The gz

and Az values associated with the lowest-affinity Cu(II) coor-
dination site were gz ) 2.365 and Az ) 140 G ≡ 153 × 10-4

cm-1 (Figure S4C and Table 2 in the Supporting Information).
These values fell in the range of values associated with small
Cu(II) complexes showing an oxygen-rich (O4) coordination

(70) Peisach, J.; Blumberg, W. E. Arch. Biochem. Biophys. 1974, 165, 691–
708.

(71) Sakaguchi, U.; Addison, W. A. J. Chem. Soc., Dalton Trans. 1979,
600–608.

(72) Kallay, C.; Varnagy, K.; Micera, G.; Sanna, D.; Sovago, I. J. Inorg.
Biochem. 2005, 99, 1514–1525.

(73) Kowalik-Jankowska, T.; Rajewska, A.; Wisniewska, K.; Grzonka, Z.;
Jezierska, J. J. Inorg. Biochem. 2005, 99, 2282–2291.

Figure 7. CD spectroscopy of BS-Cu(II) complexes. Panels (A) and (B) show the direct titration of wt and H65A BS with Cu(II), respectively. (A)
Additions of 0.1 equiv of Cu(II) to wt BS as the Cu(II) concentration was incremented from (red) 0 to (blue) 3 equiv; the inset shows the differential spectra
obtained by subtracting the spectrum of BS with 1 equiv of Cu(II) from that with 2 equiv. (B) Additions of 0.1 equiv of Cu(II) to H65A BS as the Cu(II)
concentration was incremented from (green) 0 to (blue) 2 equiv. Panels (C) and (D) show the effect of pH on the Cu(II) complexes of wt and H65A BS,
respectively. (C) BS with 2 equiv of added Cu(II) as the pH was shifted from (red) 5.0 to (purple) 6.5. (D) H65A BS with 1 equiv of added Cu(II) as the
pH was shifted from (green) 5.0 to (dark-green) 6.5. In all cases, the CD spectra were acquired with 300 µM protein dissolved in buffer A (pH 5.0-6.5).
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environment, in agreement with the binding site mapped by
NMR for Cu(II) binding at the C-terminus and confirming the
involvement of carboxylates as major contributors to metal
binding in this region.70,71

Cu(II)-Binding Affinity of BS- and AS-Cu(II) Complexes
As Determined by Absorption and CD Spectroscopy. 1. CD
Analysis of Cu(II) Complexes. To ascertain the binding-affinity
features of the BS-Cu(II) and AS-Cu(II) complexes, we first
recorded the CD spectra of BS with increasing concentrations
of added Cu(II) (Figure 7). At substoichiometric Cu(II)/BS
ratios, the CD spectra of the BS-Cu(II) complex at pH 6.5
strongly resembled those reported for AS,53 showing a positive
band in the d-d region (∼600 nm) and a negative CT band at
300 nm (Figure 7A). Beyond 1 equiv of Cu(II), two additional
bands were evident at 520 and 340 nm (indicated by the arrows
in Figure 7A and its inset), both of which saturated with 2 equiv
of added Cu(II). Interestingly, the latter bands were not detected
in the CD spectra of AS-Cu(II) complexes recorded under
similar experimental conditions (Figure 8A and ref 53). When
the same studies were performed on the H65A variant of BS,
only the bands at 600 and 300 nm remained in the CD spectra,
and they saturated with 1 equiv of added Cu(II) (Figure 7B).
Since the CD spectra of H65A BS complexed with Cu(II) lacked
the bands at 520 and 340 nm, these bands must correspond to
the BS-Cu(II) complex in which His65 acts as the main
anchoring residue. The band at 340 nm is attributed to a CT
transition between the metal center and an imidazole group (π1

Nim-Cu CT, 280-345 nm), which is typical of His-Cu(II)
complexes.73,74 Accordingly, the positive band at 600 nm and
the negative band at 300 nm reflect the coordination of Cu(II)
to the high-affinity binding site of BS. The band at 300 nm is
assigned to a CT transition between the metal center and a
deprotonated peptide nitrogen [(N-)-Cu CT, 295-315 nm].72-74

Interestingly, the CD spectra recorded for DEPC-treated BS
and AS samples showed no signals upon addition of Cu(II).
Moreover, the CD spectrum of Cu(II) bound to the C-terminal-
truncated variant 1-108 AS (Figure S5 in the Supporting
Information) was identical to that recorded for AS.53 These
results indicate that under our experimental conditions, the CD
spectra of BS-Cu(II) and AS-Cu(II) complexes report exclu-
sively on Cu(II) binding to the N-terminal region.

In order to gain further insights into the spectral differences
found for the AS- and BS-Cu(II) complexes, we also
monitored the effect of pH. The CD spectrum acquired at pH

5.0 for BS-Cu(II) with 2 equiv of Cu(II) added contained a
positive CD band at ∼600 nm (Figure 7C) and was similar to
the spectrum obtained at pH 6.5 with only 1 equiv of Cu(II)
added. When the pH was increased to 6.5, the additional band
centered at 520 nm (indicated by an arrow in Figure 7C) became
evident again in the visible region of the CD spectrum. These
spectral features were not observed when the pH dependence
of the H65A BS variant complexed with Cu(II) was studied
(Figure 7D), and therefore, these spectral changes were attributed
to the environment of the His65-Cu(II) complex. Further
supporting evidence comes from the pH-dependent behavior of
the CT band at 340 nm (labeled by an arrow in Figure 7C),
which corresponds to the imidazol ring of His65.

We have reported previously that the CD spectrum of AS
complexed with 1 equiv of Cu(II) in buffer A at pH 6.5 was
characterized by the presence of a positive d-d band at 600
nm and a negative CT band at 300 nm.53 Whereas the CD band
at 300 nm saturated with 1 equiv of Cu(II), the intensity of the
CD band at 600 nm decreased as the amount of Cu(II) increased
from 1 to 2 equiv and then remained constant at higher Cu(II)
concentrations. The decrease in ellipticity at 600 nm observed
beyond 1 equiv of Cu(II) was attributed to the development of
a negative contribution associated with formation of the second
Cu(II) complex. This suggestion was confirmed here by record-
ing the CD spectra of AS complexed with Cu(II) (2 equiv added)
in the pH range 5.0-7.5. As shown by the arrows in Figure 8A
and Figure S6A,C in the Supporting Information, the spectrum
recorded at pH 7.5 clearly shows the presence of a positive band
at 520 nm and the development of a negative ellipticity that
overlaps with the CD band in the 600 nm region, likely reflecting
coordination features of the Cu(II)-His50 complex in AS. The
detection of the CT band at 340 nm (π1 Nim-Cu CT) in the
spectrum at pH 7.5 (marked with arrows in Figure 8A and Figure
S6A,C), together with the absence of such pH-dependent
behavior in the CD spectrum of AS H50A complexed to Cu(II)
(Figure 8B) gives further support to our conclusions. Since
histidine residues are involved in Cu(II) coordination to AS and
BS, one could postulate that the titratable imidazole side-chain
of histidines might be the main source of the differences
observed in the CD spectra of the two proteins in the pH range
analyzed.

2. Binding Affinity. Once we assigned the CD bands to
specific Cu(II) complexes in the protein, we intended to estimate
the metal-binding affinity of each site. Fine titration of wt BS
with Cu(II) was followed by CD spectroscopy in order to
monitor the buildup of the CT band (300 nm) and the d-d bands
(520 and 600 nm) (Figure 9A). The spectroscopic changes upon

(74) Daniele, P. G.; Prenesti, E.; Ostacoli, G. J. Chem. Soc., Dalton Trans.
1996, 3269–3275.

Figure 8. pH dependence of AS-Cu(II) complexes, as monitored by CD spectroscopy: (A) wt AS with 2 equiv of added Cu(II) as the pH was incremented
from (red) 5.0 through (purple) 6.5 to (blue) 7.5; (B) H50A AS with 1 equiv of added Cu(II) as the pH was incremented from (green) 5.0 through (dark-
green) 6.5 to (blue) 7.5. In all cases, the CD spectra were acquired with 300 µM protein dissolved in buffer A (pH 5.0-6.5) or buffer B (pH 7.5).
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Cu(II) addition at 300, 520, and 600 nm were fit to a model
that assumed binding of 2 equiv of Cu(II) in the submicromolar-
to-micromolar range (eqs 1 and 2 in the Experimental Section).
From this experiment, we estimated the following values of the
macroscopic dissociation constants: Kd1 ) 0.7 ( 0.6 µM and
Kd2 ) 60 ( 20 µM, in full agreement with the values reported
previously for the binding of Cu(II) to the N-terminal region
of AS on the basis of electronic absorption spectroscopy.53

Analyses for the BS H65A and AS H50A species that assumed
the binding of 1 equiv of Cu(II) in the submicromolar range
yielded Kd1 values of 0.3 ( 0.4 and 0.6 ( 0.6 µM, respectively
(data not shown). Despite the large numerical uncertainties
associated with these quantities, which are due to the high
concentration of the protein required to achieve accurately
measurable signals ([AS]tot . Kd1,2), their relative order of
magnitude was well-established.

The affinity features in the N-terminal region were further
confirmed by using glycine as a copper competitor. Two glycine
molecules can bind to one Cu(II) with an apparent Kd of ∼10
µM (pH 6.5) via both the amino and carboxylate groups.66 The
resulting Cu(Gly)2 visible absorption bands are CD-silent. Figure
9B shows the CD spectrum for BS with 2 equiv of Cu(II) at
pH 6.5 as the protein is titrated with glycine. If glycine had
been able to successfully compete with BS for Cu(II) ions, then
4 equiv of glycine would be sufficient to remove both Cu(II)
ions from the protein. Addition of increasing amounts of glycine
gradually decreased the intensity of the CD bands at 340 and
520 nm (arrows in Figure 9B), corresponding to the Cu(II)
complex involving His65. After the addition of 2 equiv of

glycine, the CD spectrum was identical to that recorded for BS
with only one equivalent of Cu(II) added (Figure 9B, inset),
indicating that glycine was able to successfully remove the
copper atom bound to the His site. Subsequent additions of
glycine up to a total of 8 equiv did not perturb the CD bands at
300 and 600 nm, confirming the affinity ranges estimated by
CD titration experiments and indicating that the affinity of the
Cu(II) complexes decrease in the order R-NH2-Cu(II) site >
His-Cu(II) site. A competition experiment carried out on AS
at pH 7.5 supported the affinity order determined for the Cu(II)
binding sites in BS (see the arrows in Figure S7 in the
Supporting Information).

Finally, in order to obtain more reliable Kd1 values for the
strongly bound Cu(II) ion, we performed competition experi-
ments involving the chromophoric metal ligand MF, whose
spectroscopic features change upon Cu(II) binding. This pro-
cedure has been employed to monitor Zn(II), Cd(II), and Co(II)
binding to metalloproteins.75,76 The titration data for the chelator
MF with Cu(II) ions are shown in Figure S8 in the Supporting
Information, from which a value of 5.0 ( 0.5 nM was estimated
for KMF, the dissociation constant for the Cu(II)-MF complex.
The spectra showed an isosbestic point at 340 nm and maxima
at 363 and 320 nm for the metal-free compound and the 1:1
Cu(II) complex, respectively. The titration data measured for

(75) de Seny, D.; Heinz, U.; Wommer, S.; Kiefer, M.; Meyer-Klaucke,
W.; Galleni, M.; Frere, J. M.; Bauer, R.; Adolph, H. W. J. Biol. Chem.
2001, 276, 45065–45078.

(76) Llarrull, L. I.; Tioni, M. F.; Kowalski, J.; Bennett, B.; Vila, A. J. J. Biol.
Chem. 2007, 282, 30586–30595.

Figure 9. Determination of the affinities of the BS-Cu(II) complexes at pH 6.5. (A) Direct titration of BS with Cu(II) monitored by CD spectroscopy:
binding curves at 600 (b), 520 (2), and 300 nm (9) are plotted as functions of the amount of Cu(II) added; the solid lines correspond to fits of the
experimental data according to eqs 1 and 2 in the Experimental Section. (B) Cu(II) affinity for BS from glycine competition, monitored by visible CD
spectroscopy: spectra of BS with 2 equiv of Cu(II) as the Gly concentration was incremented from 0 to 12 equiv are displayed (the red-to-blue spectral
progression corresponds to addition of 0, 1, 2, 4, 8, and 12 equiv of Gly); the inset shows the spectrum of BS with 1 equiv of added Cu(II) overlaid with
that of BS with 2 equiv of added Cu(II) in the presence of 2 equiv of Gly. (C) Cu(II) affinity for BS from MF competition, monitored by electronic
absorption spectroscopy: titration of a solution containing 0.5 µM MF and 5 µM wt BS in buffer A are shown (the red-to-blue progression corresponds to
increasing Cu(II) concentration). (D) Absorbance changes at 363 nm from two independent MF competition experiments: curves for 5 µM BS (2) and 15
µM BS (b) are shown; the solid lines correspond to fits of the experimental data according to eqs 3 and 4 in the Experimental Section, resulting in a
dissociation constant for the BS-Cu(II) complex of Kd1 ) 0.2 ( 0.02 µM.
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BS are shown in Figure 9C,D. By considering the model
represented by eqs 3 and 4 in the Experimental Section, a
submicromolar dissociation constant was obtained for the first
equivalent of Cu(II) bound to the protein (Kd1 ) 0.20 ( 0.02
µM). Similar values were obtained when the experiments were
performed on wt AS and the variants BS H65A and AS H50A
(data not shown).

Altogether, these results indicate that BS and AS bind Cu(II)
ions with similar affinities and that complexation through the
R-amino group of Met1 represents the highest-affinity event in
Cu(II) binding to both BS and AS.

Conclusions

The structural characterization of Cu(II) binding to BS is
reported here for the first time and compared with AS in order
to address unresolved structural details related to the specificity
of Cu(II) binding. Two independent, noninteracting copper-
binding sites were detected in the N-terminal region of AS and
BS. Using an MS-based approach, we have unequivocally
demonstrated the direct role of Met1 as the primary anchoring
residue for Cu(II) in both proteins. From the binding features
of the Cu(II) complexes studied, we can draw the following
conclusions: (i) the high-affinity Cu(II)-binding site in AS and
BS (Kd ) 0.20 ( 0.02 µM) is the one in which the N-terminal
amino nitrogen of Met1 acts as the anchoring group and Asp2
and a water molecule are suggested to also be involved in the
ligand donor set;73 (ii) a second lower-affinity binding motif
for Cu(II) (Kd ≈ 50 µM) is centered at position 50 in AS and
65 in BS, corresponding to the location of the sole His residue
in the primary sequence of these proteins; and (iii) AS and BS
bind metal ions to the C-terminus with very low selectivity (Kd

in the millimolar range), where carboxylates of Glu/Asp121 and
Glu126 act as major contributors to the binding process.

New insights into the bioinorganic chemistry of Parkinson’s
disease are implied by these findings. As mentioned before,
Cu(II) has been implicated in the pathogenesis of age-dependent
degenerative diseases characterized by deposition of amyloid
material. Interestingly, the affinity of Cu(II) for the target
proteins involved in several of these diseases is in the low or
submicromolar range. Thus, the fact that AS binds Cu(II) with
an affinity in the submicromolar range and that Cu(II) can
efficiently promote AS aggregation at physiologically relevant
concentrations establish a tight link with other amyloid-related
disorders, such as Alzheimer’s disease and prion disease, and
support the notion of PD as a metal-associated neurodegenera-
tive disorder.

In regard to the possible role played by His in the Cu(II)-
mediated aggregation of AS, our results indicate that the effect
of Cu(II) concentration on AS aggregation in vitro, at least for
the earliest aggregational events, seems to be related neither to
specific histidine binding nor to the general factors usually
invoked for AS aggregation, such as the interaction with clusters
of negatively charged residues at the C-terminal region. Sup-

porting this possibility is the absence of any interplay or
modulation among the identified Cu(II)-binding sites of the wt
species. Thus, we could hypothesize that copper binding to the
high-affinity site of AS might be the critical step in rendering
the protein a relatively easy target for destabilization, a process
that in vivo might lead to a cascade of subsequent structural
alterations promoting the generation of a pool of AS molecules
that are more prone to aggregate.

Finally, the evidence presented in this work might also explain
the preventive effect of BS on AS aggregation. �-Synuclein,
the nonamyloidogenic AS homologue that naturally lacks the
NAC domain, was shown to be colocalized with AS at the
presynaptic terminals of dopaminergic neurons and to inhibit
its aggregation in vivo.59 Although the mechanism by which
BS might inhibit AS aggregation is unclear, several possibilities
might be considered. For example, BS might directly bind to
AS and prevent further aggregation, but a recent study showed
that no interaction takes place between the two proteins in
vitro.56 On the other hand, our study supports the idea that the
BS inhibitory effect might be related to the comparable affinities
for copper in the two proteins. Thus, the simplest hypothesis
might be that BS also acts as a copper-sequestering protein,
playing the role of a copper sponge and thereby preventing or
attenuating the subsequent oligomerization of AS.
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