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Abstract. Protein aggregation is a notable feature of var-
ious human disorders, including Parkinson’s disease,
Alzheimer’s disease and many others systemic amyloi-
doses. An increasing number of observations in vitro sug-
gest that transition metals are able to accelerate the ag-
gregation process of several proteins found in pathologi-
cal deposits, e.g. a-synuclein, amyloid B (ApS) peptide,
B,-microglobulin and fragments of the prion protein.
Here we report the effects of metal ions on the aggrega-
tion rate of human muscle acylphosphatase, a suitable
model system for aggregation studies in vitro. Among the
different species tested, Cu?* produced the most remark-
able acceleration of aggregation, the rate of the process
being 2.5-fold higher in the presence of 0.1 mM metal
concentration. Data reported in the literature suggest the
possible role played by histidine residues or negatively
charged clusters present in the amino acid sequence in

Cu?-mediated aggregation of pathological proteins.
Acylphosphatase does not contain histidine residues and
is a basic protein. A number of histidine-containing mu-
tational variants of acylphosphatase were produced to
evaluate the importance of histidine in the aggregation
process. The Cu?*-induced acceleration of aggregation
was not significantly altered in the protein variants. The
different aggregation rates shown by each variant were
entirely explained by the changes of hydrophobicity or
propensity to form a S structure introduced by the point
mutation. The effect of Cu?* on acylphosphatase aggrega-
tion cannot therefore be attributed to the specific factors
usually invoked in the aggregation of pathological pro-
teins. The effect, rather, seems to be a general related to
the chemistry of the polypeptide backbone and could rep-
resent an additional deleterious factor resulting from the
alteration of the homeostasis of metal ions in cells.
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Various human disorders, such as Parkinson’s disease
(PD) and Alzheimer’s disease (AD), are associated with
the formation of stable protein aggregates, known as
amyloid fibrils, resulting from misfolding processes
[1-5]. Although each disorder is associated with a par-
ticular protein, the fibrils show, in the different patholo-
gies, common structural features [6, 7]. Amyloid aggre-
gation has been described for various proteins, including
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those that are not involved in any disease. It is now con-
sidered a common property of polypeptide chains, acting
in competition with the normal folding pathway [8]. Re-
cent reports concerning proteins associated with diseases
as well as non-pathological proteins suggest that the
species actually toxic for living systems are prefibrillar,
relatively ordered, aggregates rather than mature, fully or-
dered, amyloid fibrils [9—12]. Such results underline the
importance of studying the early stages of protein aggre-
gation to gain an understanding of the pathogenic mech-
anisms of amyloid diseases [13].
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An increasing number of observations indicate that tran-
sition metals, in their di- and trivalent ionic form, are ca-
pable of accelerating the aggregation process of various
pathologic proteins, e.g. a-synuclein (a-syn), the amy-
loid B peptide (Ap), pB,-microglobulin (f2-m) and frag-
ments of the prion protein (PrP) [14—18].

a-syn is a small protein abundant in various regions of the
brain [19, 20]. It belongs to the family of natively un-
folded proteins [21, 22] and is involved in the formation
of abnormal protein depositions, by precipitating in se-
nile plaques and Lewy bodies in AD and PD, respectively
[23-25]. In vitro aggregation of a-syn is modulated by
various factors, including transition metals [14, 15, 26].
Another polypeptide whose aggregation has been found
to be dependent on the presence of metal ions is AS, the
major component of neocortical amyloid deposition in
AD [27, 28]. AP precipitates in the presence of metals in
vitro [16, 29-31]. f2-m is a protein that forms amyloid
fibrils as a consequence of long-term hemodialysis [4,
32]. Binding of Cu?* to 2-m results in the destabilization
of the protein which facilitates amyloid formation [17].
Prion diseases are fatal neurodegenerative diseases in
which the cellular isoform of the prion protein (PrP¢) un-
dergoes a conformational transition, producing the path-
ogenic isoform (PrP%), responsible for fatal neurodegen-
erative diseases, including Creutzfeld-Jakob disease in
humans and spongiform encephalopathy in animals
[33—-35]. A synthetic peptide encompassing human PrP
residues 106—126 (PrP106—126) is highly fibrillogenic
and toxic to neurons in vitro [36, 37]. It therefore repre-
sents a suitable model peptide for studying PrPS¢ aggre-
gation [36, 38, 39]. A recent study investigating the effect
of metals on PrP106—126 aggregation showed that cop-
per, and to a lesser extent zinc, can promote peptide fib-
rilization [18].

To assess whether metal-induced aggregation is a general
phenomenon for polypeptide chains or is specific to the
few systems mentioned above, we studied the effect of
metal ions on the aggregation rate of human muscle
acylphosphatase (AcP), a relatively simple protein that
represents a suitable model system for aggregation stud-
ies in vitro [40—42]. AcP is an a/f 99-residue protein
lacking complicating factors such as disulfide bridges or
bound cofactors [43] (fig. 1). Under appropriate condi-
tions in vitro, AcP was shown to aggregate promptly into
granular ordered species that in a few weeks rearrange
and form amyloid fibrils structurally similar to those as-
sociated with disease [40]. Partial denaturation of the na-
tive state is required for aggregation, as indicated by the
need to employ non-aggressive denaturants or destabiliz-
ing mutations to induce aggregation from this protein
[40, 41]. Once the native state is denatured, aggregation
is an ordered process promoted by specific regions of the
protein sequence that are distinct from those containing
residues that determine the rate of its folding [42]. Such
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Figure 1. Schematic representation of AcP structure. The side
chains of replaced residues are highlighted.

regions, encompassing residues 16—31 and 87-98, are
characterized by a relatively high hydrophobicity and
propensity to form a f§ sheet structure, and are thought to
be relatively exposed to the solvent [42].

Here we investigated the effects of several metal ions on
the early stages of AcP aggregation focusing our attention
on Cu?*" and on the possible role played by histidine
residues in the Cu?*-mediated aggregation of the protein.
Unlike AB, a-syn, f2-m and a prion fragment, the pro-
teins previously shown to aggregate more readily follow-
ing the addition of heavy metal ions, AcP presents no his-
tidines and displays an overall positive net charge. It
therefore represents a useful model system to assess the
mechanisms by which metals induce aggregation, in par-
ticular, whether binding of metals to histidine residues or
clusters of negatively charged residues represents a gen-
eral mechanism by which metals favor aggregation.

Materials and methods

Mutant production and purification

All mutants were produced using the QuickChange site-
directed mutagenesis kit from Stratagene. DNA sequenc-
ing confirmed the presence of the desired mutations. All
AcP proteins used in this study contain a serine at posi-
tion 21, instead of a cysteine residue. This substitution
eliminates the complexities associated with the presence
of a cysteine residue [44]. We refer to the protein with
only the C21S mutation as the wild-type AcP throughout
the text. Cloning, expression and purification of the wild-
type and mutated AcP were done as described by Taddei



984 C. Capanni et al.

et al. [45]. SDS-polyacrylamide gel electrophoresis was
used to check protein purity. The protein concentration
was determined by UV absorption using an &, value of
1.49 ml mg' cm™.

Equilibrium experiments

Equilibrium denaturation curves of wild-type AcP and its
variants were obtained by determining the fluorescence
of 25-28 equilibrated samples containing 0.02 mg ml!
AcP in 50 mM acetate buffer (pH 5.5, 28 °C) and various
urea concentrations ranging from 0 to 8.1 M. A Shimatzu
RF 5000 spectrofluorophotometer was used, with excita-
tion and emission wavelengths of 280 and 335 nm, re-
spectively. Urea denaturation curves, representing the
change of fluorescence as a function of urea concentra-
tion, were fitted and analyzed according to the method of
Santoro and Bolen [46]. With this procedure one can ob-
tain the following thermodynamic parameters: the free
energy of unfolding in the absence of denaturants
(AG™29), the dependence of AG on denaturant concentra-
tion (m value) and the urea concentration at which half of
the protein molecules are denatured (C,). C,, was deter-
mined by dividing AG"?° by the m value obtained from
the fitting. In this work an averaged value for m was cal-
culated to redetermine AG"2° more accurately.

Aggregation Kinetics

Aggregation of AcP and its variants was initiated by in-
cubating the protein at a concentration of 0.4 mg ml™! in
25% (v/v) 2,2,2-trifluoroethanol (TFE), 50 mM acetate
buffer pH 5.5, 25°C. When aggregation was studied in
the presence of metal ions, this incubating solution also
contained the desired concentration (0.1, 1 or 5 mM) of
the various metal ions in the form of chloride salts.
Aliquots of 60 pl of this solution were mixed, at regular
time intervals, with 440 pl of 25 mM phosphate buffer,
pH 6.0, containing 25 pM thioflavin T (ThT). The result-
ing fluorescence was measured using a Shimatzu RF
5000 spectrofluorimeter thermostated at 25°C. Excita-
tion and emission wavelengths were 440 and 485, respec-
tively. Plots of fluorescence versus time were fitted to
single exponential functions to determine & values, i.e.
the rate constants of aggregation.

Far-UV circular dichroism

Far-UV circular dichroism (CD) spectra were acquired
after fixed time intervals during aggregation. The CD ex-
periments were carried out on a Jasco J-810 spectropo-
larimeter, thermostated with a water-circulating bath, us-
ing 1-mm path length quartz cuvettes. AcP was incubated
at a concentration of 0.4 mg ml! in 25% (v/v) TFE,
50 mM acetate buffer pH 5.5, 25°C, in the absence or
presence of 0.1 mM copper ions. Aliquots were with-
drawn at regular time intervals for far-UV CD analysis in
the range 200—250 nm. The changes in the CD spectrum
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of AcP incubated under these conditions were followed
for about 3 h. Mean residue ellipticity [6] data were cal-
culated as follows:

[6]1=6/(10 x c X 1Xn)

where 6 represents the ellipticity raw data, c is the molar
concentration of the samples, 1 is the path length and n is
the number of residues of the protein.

Transmission electron microscopy

Electron micrographs were acquired using a Joel JEM
1010 transmission electron microscope at 80 kV excita-
tion voltage. Samples at a 0.4 mg ml™' concentration of
protein were incubated for various time periods at 25°C
in 50 mM acetate buffer, pH 5.5, in 25% (v/v) TFE, in the
absence or presence of 0.1 mM Cu?'. Three-microliter
volumes of the protein samples were placed for 3/5 min
on a formvar/carbon-coated grid. Samples were then neg-
atively stained with 3 pl 2% uranyl acetate and observed
at magnifications ranging from 15,000 to 40,000.

Results

AcP aggregation is influenced by the presence of
metal ions

AcP aggregates in aqueous solutions containing 25%
(v/v) TFE at pH 5.5 [40]. At the protein concentration
used in this study, TFE denatures AcP within a few sec-
onds and aggregation occurs subsequently on a much
longer time scale. We centered our attention on the first
aggregational events leading to non-fibrillar (granular)
aggregates. Such species have previously been demon-
strated to evolve into amyloid fibrils [40]; more impor-
tant, AcP forms granular aggregates morphologically
similar to those produced from HypF-N, a protein be-
longing to the acylphosphatase superfamily. Such aggre-
gates have been indicated as the actual toxic species for
cells [12]. These experimental conditions allow the ag-
gregation process to be followed under conditions in
which the native state of AcP is not significantly popu-
lated. Any change of aggregation rate observed as a result
of mutation or addition of metal ions can therefore be en-
tirely attributed to the effect of these modifying agents on
the self-assembly of the denatured polypeptide chains,
rather than on the stability of the native state. The aggre-
gation process of AcP can be followed using a simple op-
tical test based on the ability of a specific dye, ThT, to
bind amyloid aggregates specifically [42]. The rate of ag-
gregation of wild-type AcP was measured in the presence
of several metal cations added to the incubation mixture
as chloride salts. We initially added each salt at a 5 mM
concentration to the aggregation solution. Although this
metal concentration is considerably higher than that
found in the physiological fluids of the human body [47],
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it was chosen for a preliminary indication of the effects of
various cations. All metal ions used here led to an in-
crease in the aggregation rate of AcP (table 1). The ag-
gregation rate in the presence of Cu?*, Fe*" and Cd?" oc-
curred on a timescale that was too rapid to allow the ac-
tual measurement of the rate constant. The presence of
Zn?" in the reaction mixture caused a decrease in ThT flu-
orescence, presumably due to complex effects which we
have not investigated further.

Aggregation of AcP in the presence of Cu?**

In the light of this preliminary screening, we decided to
analyze the influence of copper ions on the aggregation
rate of AcP. Copper is an essential element for life. It is
widely distributed in plants and animals and plays a crit-
ical role in human metabolism. Cu?" metal ions exist in a
chelated form, in vivo, bound to ceruloplasmin and other
biomolecules such as albumin, transcuprein, peptides and
amino acids [47]. As already mentioned, Cu?* has been
implicated in the pathogenesis of several diseases charac-
terized by deposition of amyloid material [15, 17, 29, 48].
Varying concentrations of copper ions have been found
physiologically throughout the body: 16-20 pM in
blood, 15 pM in the synaptic cleft and 0.5-2.5 pM in
cerebrospinal fluid [47]. Since 5 mM Cu?" induces a too
marked acceleration of AcP aggregation and is also sev-
eral orders of magnitude higher than the physiological
concentrations, we progressively lowered the concentra-
tion of Cu?" to 1 and 0.1 mM, to approach the physiolog-
ical concentrations of the metal. At 1 mM, the kinetics of
the aggregation process were still too rapid to be mea-
sured accurately. At 0.1 mM Cu?*, the observed accelera-
tion is about 2.5-fold compared to the control experiment
in the absence of Cu?" (table 2, fig. 2). Far-UV CD spec-
tra were acquired at fixed time intervals after the initia-
tion of the aggregation process in the absence or presence
of Cu?* (fig. 3). Both spectra at 1 min are indicative of a
high content of a-helical structure as expected for AcP
molecules denatured in the presence of TFE [40]. After

Table 1. Aggregation rate constants (k) of wild-type AcP in the
presence of various metal ions at a S mM concentration.

Metal ions k(s
Control 0.00073
Co?* 0.00174
Ca* 0.00122
Cu?t >

Fe3* >

Cd? >

Mg?* 0.00157
Mn?* 0.00283
Ni?! 0.00146
Zn** n.d.

Experimental errors for rate measurements are + 7%; >, unmea-
surable rates (too fast); n.d., not determined.
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Table 2. Aggregation rate constants of all AcP variants in the ab-
sence (k) and presence (kc,) of 0.1 mM Cu?*, at pH 5.5 and 7.4.

Protein variant k(s ke (571 kelk

pHS5.5 WT 0.00073  0.00186 2.6
Y25H 0.00004  0.00046  11.3
K88H 0.00194  0.00682 3.5
Y25H/K88H 0.00121  0.00365 3.0
K32H 0.00411  0.00544 1.3
K44H 0.00139  0.00190 1.4
K57H 0.00122  0.00308 25

pH 7.4 WT 0.00038  0.00144 3.8
Y25H 0.00020  0.00096 4.8
K88H 0.00498  0.00927 1.9
Y25H/K88H 0.00111  0.00211 1.9

Experimental errors for rate measurements are + 7 %.
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Figure 2. Rate of aggregation of wild-type AcP in the absence
(filled circles) and presence (open circles) of 0.1 mM Cu?*. The
continuous lines are the best fits of the data points to single expo-
nential functions. The aggregation rates were measured by follow-
ing the increase of ThT fluorescence at 485 nm.
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Figure 3. Far-UV CD spectra of AcP during aggregation in the
presence and absence of Cu?" at different time intervals. See Mate-
rials and methods for experimental details.
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30 min, the CD spectrum of the protein incubated in the
presence of Cu?" suggests that a structural rearrangement
has produced species rich in f structure. The same spec-
trum is observable only after 120 min for protein mole-
cules incubated in the absence of Cu?* (fig. 3). These re-
sults indicate a more rapid transition in the presence of
copper ions as shown by ThT-binding experiments. The
electron micrographs in figure 4 show the presence of
granular aggregates of similar morphology after 30-min
and 2-h incubation in the presence and absence of Cu?",
respectively.

Figure 4. Transmission electron micrograph of AcP aggregates after
incubation in 50 mM acetate pH 5.5 containing 25 % TFE: 2 hno Cu?*
(4); 30 min 0.1 mM Cu?*(B). The length of the solid bars is 100 nm.

Effects of Cu?* on acylphosphatase aggregation

Aggregation of histidine-containing AcP variants

in the presence of Cu**

Wild-type AcP lacks histidine residues. Histidine
residues have been suggested to be involved in the cop-
per-mediated aggregation of proteins through their ability
to coordinate copper ions [17, 18, 48, 49]. To investigate
whether His residues could have a relevant role in in-
creasing the aggregation rate of AcP through a specific
mechanism of copper binding, we substituted some se-
lected residues with histidines in different regions of the
protein. A list of the mutants together with their observed
aggregation rates in the presence and absence of 0.1 mM
Cu?" is reported in table 2. With the exception of the sub-
stitution Y25H, all the mutations were designed to intro-
duce a Lys to His substitution to keep the total charge of
AcP unaltered, at least at the pH value of 5.5 used here.
The Y25H, K32H and K88H substitutions involve
residues belonging to regions of the sequence that have
been shown to be crucial for AcP aggregation; on the
other hand, the K44H and K57H replacements are located
in regions that are thought to be less relevant for this
process [42]. A protein variant carrying a double muta-
tion, Y25H/K88H, was also designed to probe the possi-
ble formation of a bridge, mediated by Cu?".

The conformational stability of AcP variants was deter-
mined by means of equilibrium urea denaturation experi-
ments at pH 5.5 and 28°C, as described in Materials and
methods. Under these experimental conditions, urea de-
naturation is a completely reversible process. The urea
denaturation curves of wild-type AcP and its variants are
reported in figure 5 and the relevant thermodynamic pa-
rameters, evaluated with the fitting procedure described
by Santoro and Bolen [46], are listed in table 3. The de-
pendence of the free energy of unfolding on urea concen-
tration, i.e. the m value, is very similar, within the exper-
imental error, for all the species studied and an averaged
m value was used to estimate the conformational stability
of protein variants. The K44H variant is slightly stabi-
lized compared to the wild-type protein, while K57H and
Y25H were destabilized. The conformational stability of
K32H, K88H and Y25H/K88H variants is not signifi-
cantly different from that of the wild-type protein. All
protein variants showed a catalytic activity comparable to
that of the wild-type protein. These data, together with
conformational stability, demonstrate that the overall
structure of all mutational variants studied here is sub-
stantially similar to that of the wild type.

All protein variants have an aggregation rate in the ab-
sence of copper significantly different from that of the
wild-type protein (table 2). Explanations for this behavior
will be discussed below. The kinetic measurements were
repeated in the presence of 0.1 mM Cu?". The results,
summarized in table 2, show that the addition of the
cation to the protein variants results in an enhancement of
aggregation rates similar, proportionately, to the wild-
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Fraction folded
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Figure 5. Equilibrium urea-induced denaturation of AcP and its
variants at 28 °C in 50 mM acetate buffer (pH 5.5), monitored by in-
trinsic tryptophan fluorescence changes at 335 nm. The proteins
are: wild type AcP (filled circles), Y25H (crosses), K32H (open cir-
cles), K44H (filled triangles), K57H (filled squares), K88H (open
triangles), Y25H/K88H (open squares). The raw data have been
converted to the fraction of folded protein using: f; = (y4 — y)/
(Y4—V.), Where y, and y, are the signals of the native and denatured
protein, respectively, extrapolated to the urea concentration under
consideration.

Table 3. Thermodynamic parameters of AcP variants obtained by
equilibrium unfolding experiments.

Protein variant C, (M) m (kI mol M) AG"0
(kJ mol)
WT 3.93 4.76 19.8
Y25H 2.97 5.23 15.0
K32H 3.66 5.13 18.4
K44H 4.40 4.64 22.1
K57H 3.00 5.81 15.1
K88H 4.21 4.62 21.2
Y25H/K88H 3.26 5.05 16.4

C,, is the urea concentration required to unfold 50% of the protein
molecules. Experimental error is = 0.15 M. m is the dependence of
AG on urea concentration. Experimental error is + 5%. AG"2° is the
free energy of unfolding in the absence of urea. The m value is sim-
ilar, within the experimental error, for all the species studied and an
averaged m value (5.03) was used to estimate the conformational
stability. Experimental errors for AG"2° values are + 10 %.

type protein. An exception is, again, represented by the
Y25H variant whose aggregation rate was accelerated by
the presence of Cu?" more markedly than other species
(ca 11-fold). The Y25H/K88H variant showed an aggre-
gation rate which is an average between the rates of the
Y25H and K88H single variants. Overall, the presence of
histidine residues at different locations in the AcP se-
quence does not seem to influence significantly the ag-
gregation process mediated by the presence of Cu?'. Even
the double mutant Y25H/K88H, which contains two his-
tidine residues, does not have a copper-induced accelera-
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tion of aggregation significantly higher than that ob-
served for the wild-type protein. Moreover, the experi-
ments performed at pH 7.4 produced similar results indi-
cating that the ionization degree of the His residue is not,
at least in our case, a factor that can influence aggregation
in the presence of Cu?".

Effect of the mutations on AcP aggregation

In the absence of Cu?*, all protein variants show an in-
crease in the aggregation rate, with the exception of the
Y25H variant, which aggregates about 18-fold slower
than wild-type AcP (table 3). Among the variants with an
accelerated aggregation, the K32H and K88H mutants
show the most remarkable effects. The smaller changes in
aggregation rate resulting from the K44H and K57H re-
placement can be, in part, attributed to the observation
that these substitutions involve residues thought to be less
relevant in the aggregation process of AcP [42]. The ag-
gregation rate of the Y25H/K88H variant is intermediate
between those of the corresponding single mutants. The
observed changes of aggregation rate following these
mutations can be explained by taking into account the
effect of the amino acid substitutions on three simple
physical parameters, hydrophobicity, secondary-structure
propensities and charge [42, 50]. Table 4 summarizes the
effects of any given substitution on a-helical and S sheet
propensity and hydrophobicity. All protein variants were
found to be catalytically active, indicating that the global
native-like architecture is conserved in all cases. The use
of the simple equation introduced by Chiti and coworkers
[50] allows the aggregation rate to be estimated on the ba-
sis of the change of these three factors. The theoretical re-
sults, reported in table 4, are in good agreement with the
experimental ones, suggesting that the changes in aggre-
gation rates can be explained in terms of changes in these
basic physical factors. The Y25H variant, for example,
displays a dramatically reduced aggregation rate because
the Tyr to His substitution introduces a marked decrease
in hydrophobicity, a small increase in a-helical propen-
sity, a decrease in f sheet propensity and an increase in
the total charge of the protein. All these changes, taken as
a whole, counter the aggregation process and the protein
variant carrying the substitution is, therefore, slower to
aggregate. A slower aggregation for this mutant is both
observed experimentally and predicted theoretically us-
ing the equation (table 4).

The theoretical aggregation rate estimated for the K32H
variant is, however, lower than that calculated experimen-
tally (table 4). Clues to explain this discrepancy come
from suggestions that His32 could be deprotonated under
the experimental conditions, although the pH value of 5.5
employed here would suggest that it is indeed protonated.
If the equation is used after considering that the newly in-
serted histidine residue is deprotonated, the theoretical
value is much closer to that obtained experimentally. To
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validate this view, aggregation rates were measured at pH
7.4 for some mutants, a pH at which His residues are sup-
posed to be deprotonated [51]. For the K88H variant, the
increse in the aggregation rate relative to the wild-type
protein is more marked at pH 7.4 than at pH 5.5 (table 4).
Similarly, for the Y25H variant, the decrease in aggrega-
tion rate relative to the wild-type protein is less marked at
pH 7.4 than at pH 5.5 (table 4). The acceleration of ag-
gregation for these two mutants at pH 7.4 can be ascribed
to a positive contribution to aggregation conferred by de-
protonated histidine residues, relative to the protonated
side chain expected at pH 5.5. The theoretical predicted
values confirm the observation trends, confirming the
important role of residue ionization state in the aggrega-
tion process. Interestingly, the aggregation rate of the
K32H mutant does not change significantly upon shift of
the pH, confirming our hypothesis that His32 is deproto-
nated at both pH values.

Discussion

Under the experimental conditions used in this work, AcP
aggregation begins with the formation of granular and
protofibrillar aggregates in which a substantial amount of
B structure is present [40]. In the absence of metal ions,
this process occurs within a few hours, evolving further,
on the timescale of weeks, to the formation of more orga-
nized fibrillar structures. A similar behavior has been ob-
served for proteins of clinical relevance, such as the A
peptide and a-syn [9, 52]. In both these systems,
protofibrillar aggregates develop prior to the formation of
mature amyloid fibrils; interestingly, the formation of
such oligomeric prefibrillar aggregates has been indi-
cated as a possible therapeutical target for the control of
disease progression [52]. A ‘new view’ for amyloid dis-
eases is depicted in a recent review that underlines the im-
portance of the prefibrillar aggregates as toxic species
and a common origin of such pathological conditions
[13]. All these considerations enable us to consider AcP

Effects of Cu?* on acylphosphatase aggregation

as a simplified model system to gain insights into the
early events of aggregation associated with protein-mis-
folding diseases.

Mechanisms of Cu?*-induced aggregation in proteins
The effects of metal ions on protein aggregation have
been investigated for different protein systems, particu-
larly for proteins that are known to be directly involved in
protein deposition diseases. Several possible mechanisms
have been described to account for metal-stimulated ag-
gregation of a-syn [14, 15, 26]. A systematic analysis of
the effects of various metal ions has shown that they can
directly accelerate a-syn aggregation by inducing forma-
tion of a partially folded intermediate which represents
the critical precursor to fibrils [26]. On the other hand,
metal ions have been proposed to interact with the C-ter-
minal acidic region of the protein, which provides a neg-
atively charged surface, causing a-syn to be oxidized and
consequently self-assemble [15]. Metals such as iron and
copper ions react with hydrogen peroxide to produce hy-
droxyl radicals which can induce the oxidative modifica-
tion of DNA, protein and lipids [53, 54]. These radicals
can also lead to cross-linking and aggregation of amy-
loidogenic molecules [55]. There is also a growing body
of data indicating that, during exposure to hydrogen per-
oxide, many proteins with metal-binding sites can un-
dergo oxidative damage and release metal ions [56]. For
example, the oxidative modification of Cu,Zn-superoxide
dismutase and of ceruloplasmin induces the release of
copper ions [57, 58], which can influence the aggregation
process.

AtpH 5.5, AcP is a positively charged protein, displaying
an overall net charge of +5. Analysis of the sequence of
AcP does not reveal clusters of negative charges that, ina
denatured or partially denatured state, could provide a
negative surface for copper binding as was proposed for
a-syn. Moreover, the overall net charge has previously
been shown to be an important factor that influences the
aggregation rate of a protein [59]. A high net charge sets
up electrostatic repulsions within the population of un-

Table 4. Effects of amino acid substitution on hydrophobicity, secondary-structure propensities and charge, and comparison between

theoretical and experimental changes in aggregation rates.

Mutation AHydr AAG i AAG ;o ACharge Theoretical Experimental
(kJ mol-")* (kJ mol-1)* (kJ mol")* (k) (ke ko)
Y25H —4.34 -3.06 0.83 -1 -2.79 -2.89
K32H -0.10 -0.41 2.74 0 0.40 1.73
K44H -0.10 -0.41 2.96 0 0.44 0.64
K57H -0.10 -0.41 3.73 0 0.59 0.51
K88H -0.10 -0.41 2.43 0 0.34 0.98
K32H(deprot) 2.13 -0.41 2.74 1 1.32 1.74
Y25H(deprot) -2.11 -3.55 1.01 0 -1.84 -1.29
K88H(deprot) 2.13 -0.41 2.10 1 1.19 1.92

* Data taken from Chiti et al. [50].
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folded or partially unfolded molecules from which ag-
gregation takes place. This inhibits the intermolecular in-
teractions that underlie the aggregation process. In agree-
ment with this proposal, an increase in the net charge of
AcP by mutation significantly slows the aggregation
process [59]. The difficulty for a positively charged pro-
tein to bind copper by a mechanism of electrostatic inter-
action and the inhibition that would result on the aggre-
gation process from such binding due to an overall in-
crease in charge clearly suggest that the Cu?"-mediated
acceleration of AcP aggregation cannot be explained by a
simple electrostatic argument. This does not exclude the
possibility that proteins displaying a positive net charge
and dispersed negative residues aggregate from a par-
tially structured or native-like state in which negatively
charged binding pockets arise from clusters of acidic
residues.

The binding of Af to metal ions results in Af assembly
[48, 49]. Such binding has been shown to involve multi-
ple copper ions, through the coordination to some histi-
dine residues [60]. In addition to favoring progression of
AD by increasing the propensity of A to self-assemble,
evidence is mounting that Cu?" also induces oxidative
stress in the neurodegeneration of AD [61, 62]. Extensive
redox chemical reactions take place when A binds Cu?*
and Fe3" [63]. Such binding reduces the oxidation state of
both metals, therefore triggering reduction of O, to H,0,
[63]. The oxidative stress observed in AD [61, 62] can
therefore be related to the production of reactive oxygen
species by metal-bound forms of AS. In 32-m, the histi-
dine residues at positions 13 and 31 seem to be involved
in the binding of Cu?* [17]. A similar concept holds for
PrP: the key residue for metal binding and aggregation is
represented by a histidine residue, namely His111 [18].
Nevertheless, in this case, the N-terminal amino group
and the methionine residue at position 112 also seem to
have a relevant role [18].

Unlike a-syn, Af, f2-m and PrP, AcP contains no histi-
dine residues. The ability of Cu?' to accelerate aggrega-
tion of AcP indicates that this ion favors the aggregation
process of polypeptide chains by mechanisms that are, at
least in part, unrelated to histidine binding. Of interest in
this regard is that all the histidine-containing variants of
AcP produced in this study are accelerated by Cu?* to a
similar extent as the wild-type protein (table 2). Copper
binding to histidine residues, whenever present, would
represent a specific mechanism for a restricted number of
proteins, resulting in a more rapid and effective aggrega-
tion of the polypeptide chains.

These observations suggest that the effect of Cu?* on AcP
aggregation cannot be attributed to the specific factors
usually invoked for the aggregation of several pathologi-
cal proteins. Rather, it seems to be a more general effect
related to the chemistry of the polypeptide backbone or to
a variety of non-specific effects, e.g. binding to side
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chains of amino acid residues commonly distributed in
polypeptide chains [64].

Cu?* levels and protein aggregation

The Cu?" concentration used in our experiments (0.1
mM) is significantly higher than that normally present in
the human body, which is about 15-20 pM [47]. When
AcP is incubated in an aggregation solution containing
0.1 mM Cu?", the rate of aggregation appears to be accel-
erated by about 2.5 fold, compared to the control experi-
ment in the absence of the cation. Unlike other proteins,
such as A peptide, a-syn, 2-m and PrP, for which con-
centrations of Cu?" similar to physiological ones are suf-
ficient to promote aggregation [17, 48, 65], the rate of
this process for AcP increases only with higher concen-
trations of copper. The lower sensitivity of the aggrega-
tion process of AcP to copper, relative to other protein
systems, is likely due to the absence of a specific binding
mechanism for this metal ion in the AcP sequence.

The fact remains, however, that the absence of specific
binding sites or regions does not completely suppress the
aggregation-promoting effects of Cu?'. Cu?" is therefore a
rather dangerous metal in vivo, capable of promoting a
rather general protein aggregation. These dangerous ef-
fects could explain why proteins able to chelate metals in
vivo, such as ceruloplasmin, albumin and transcuprein, as
well as other peptides and amino acids, are necessary in
living organisms [47]. The presence of these proteins
maintains a low concentration of free copper in the body.
Our results, together with those obtained for other pro-
teins, suggest that an abnormal copper homeostasis could
represent a risk factor for aggregation processes.

The question naturally arises as to whether these in vitro
observations have clinical relevance. Studies in mice and
humans show that iron and copper levels increase with
normal aging in several tissues, including the brain [66,
67]. Recent analyses have shown that the concentration
of several heavy metals is significantly increased in the
brain of AD and PD patients [68—70]. Moreover, a posi-
tive correlation between the incidence of PD and indus-
trialization has been recognized [71]. For example,
analysis of the PD mortality in Michigan (1986—1988)
with respect to potential heavy metal exposure, revealed
that counties with an industry in paper, chemical, iron or
copper-related industrial categories had significantly
higher PD death rates than counties without these indus-
tries [72]. Other studies have established that an in-
creased risk for PD is associated with occupational ex-
posure to metals such as manganese, iron, aluminum and
copper [73, 74]. Exposure to metal ions has, therefore,
been proposed as a risk factor for neurodegenerative dis-
eases [26].
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