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Formation of misfolded aggregates is an essential part of what proteins
can do. The process of protein aggregation is central to many human dis-
eases and any aggregating event needs to be prevented within a cell and
in protein design. In order to aggregate, a protein needs to unfold its
native state, at least partially. The conformational state that is prone to
aggregate is difficult to study, due to its aggregating potential and hetero-
geneous nature. Here, we use a systematic approach of limited proteol-
ysis, in combination with electrospray ionisation mass spectrometry, to
investigate the regions that are most flexible and solvent-exposed within
the native, ligand-bound and amyloidogenic states of muscle acylpho-
sphatase (AcP), a protein previously shown to form amyloid fibrils in the
presence of trifluoroethanol. Seven proteases with different degrees of
specificity have been used for this purpose. Following exposure to the
aggregating conditions, a number of sites along the sequence of AcP
become susceptible to proteolytic digestion. The pattern of proteolytic
cleavages obtained under these conditions is considerably different from
that of the native and ligand-bound conformations and includes a portion
within the N-terminal tail of the protein (residues 6-7), the region of the
sequence 18–23 and the position 94 near the C terminus. There is a signifi-
cant overlap between the regions of the sequence found to be solvent-
exposed from the present study and those previously identified to be criti-
cal in the rate-determining steps of aggregation from protein engineering
approaches. This indicates that a considerable degree of solvent exposure
is a feature of the portions of a protein that initiate the process of
aggregation.
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Introduction

Protein aggregation is a key aspect of protein
chemistry. Prior to attaining the functional native
state, a polypeptide chain exists as an ensemble of
unfolded conformations. Partially folded states
may also be populated during the folding process
or as a consequence of partial denaturation of the
native state resulting from misprocessing of the

polypeptide chain, mutation or perturbation of the
microenvironment conditions. In such ensembles
of unfolded or partially folded states many of the
hydrophobic and amide groups are partially
exposed to the solvent and susceptible to form the
intermolecular interactions that pave the way to
the formation of large protein aggregates.1

Protein aggregation is an undesired phenom-
enon that is responsible for many human diseases
ranging from various forms of systemic amy-
loidoses to neurodegenerative disorders such as
Alzheimer’s and Parkinson’s diseases. These
aggregation events lead ultimately to the formation
of stable protein aggregates, called amyloid fibrils,
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that are a unifying pathological feature of the
diverse forms of amyloidosis.

Until very recently it was thought that amyloid
formation was a characteristic limited to the few
polypeptide chains associated with such disorders.
Nevertheless, a number of independent obser-
vations have indicated that this behaviour is
indeed shared by a number of polypeptide chains
not involved in disease under partially denaturing
conditions.2 – 9 This has led to the hypothesis that
amyloid aggregation is a generic property of
proteins.1 The investigation of the fundamental
aspects of protein aggregation using a large
number of model systems is relevant not just for
the elucidation of a process that is central to
human illness, but also because it creates new per-
spectives for understanding how natural proteins
have achieved the goal of escaping effectively
from aggregation under conditions close to physio-
logical. Indeed, the observation that protein aggre-
gates forming early on the route to amyloid
formation can be inherently highly cytotoxic10

suggests that Nature has actively combated against
uncontrolled aggregation by designing mecha-
nisms of quality control, but also by selecting
amino acid sequences with a sufficiently low pro-
pensity to aggregate. The investigation of the
aggregation process by disease-unrelated proteins
and of the strategies devised by natural amino
acid sequences to circumvent this process under
conditions close to physiological has implications
for understanding how protein sequences have
evolved and for establishing new rules for success-
ful protein design. The intrinsic potential of protein
sequences to aggregate into ordered amyloid
fibrils and the direct observation that folding and
aggregation may occur concomitantly under
physiological conditions11 – 14 indicate that the
ability of a protein sequence to fold properly
depends on a delicate balance of thermodynamic
and kinetic factors governing the various steps of
these two processes.

In spite of its relevance, the investigation of pro-
tein aggregation at a residue level is technically
challenging. The initial monomeric state from
which the aggregates form is also difficult to
characterise because of its heterogeneous nature
(it is often an ensemble of conformations) and the
difficulty to preserve the monomeric condition
at the high protein concentrations required for
detailed structural investigation by NMR. Radford
and co-workers have recently utilised urea titration
in combination with NMR to elegantly determine
the level of residual structure present in the amy-
loidogenic state.15 Systematic protein engineering
approaches, in which single residues are substi-
tuted or deleted one by one, provide detailed
information on the regions of the sequence that
are involved in the rate-determining steps of
aggregation.16 – 19 Nevertheless, they are not able to
clarify the precise mechanism of aggregation, nor
the structure of the amyloidogenic monomeric
state or the resulting aggregates.

Here, we use a systematic approach of limited
proteolysis in combination with mass spectrometry
to investigate the regions that are solvent-exposed,
or flexible enough to be accessible to protein–
protein interactions, in the native and amyloido-
genic states of muscle acylphosphatase (AcP), a
protein previously shown to form amyloid fibrils
in the presence of moderate concentrations of
trifluoroethanol (TFE).4 Although this approach
provides low-resolution data, it is amenable to
the analysis of conformational changes in protein
structure under different experimental con-
ditions20 – 22 and to investigate transient species23 or
partly folded intermediates.24 The identification of
the sites along a polypeptide chain that are most
flexible and exposed to the solvent help identify
the dynamic properties of the amyloidogenic state
of AcP and gain insight into the key events of the
early steps of aggregation.

AcP is known to aggregate and form amyloid
fibrils in the presence of moderate concentrations
of trifluoroetahnol (TFE).4 This results from the
ability of this co-solvent to denature the native
fold of AcP without precluding the possibility of
forming non-covalent interactions such as back-
bone hydrogen bonds.4 Following the addition of
TFE, the native protein unfolds very rapidly to
form an ensemble of denatured conformations
rich in a-helical structure. These convert slowly
into protein aggregates, which have the appear-
ance of ,4 nm wide granules and short proto-
fibrils. These aggregates are able to bind to
amyloid-specific dyes, such as Congo red and
thioflavine T. Moreover, they are stabilised by
extensive b-sheet structure as revealed by far-UV
circular dichroism (CD) and Fourier transform
infra-red (FT-IR) spectroscopies. Within several
days the protofibrils elongate to become rigid
protofilaments that ultimately assemble in a paral-
lel manner to form rope-like fibrils4 The object of
the present investigation is the structure and
dynamics of the “amyloidogenic” state of AcP, i.e.
the denatured ensemble of monomeric confor-
mations that have the ability to initiate the process
of aggregation. We will show that the regions of
the sequence that are most exposed to the solvent
and susceptible to proteolytic attack coincide to a
good approximation with those that influence the
rate of aggregation.

Results

AcP was purified from an Escherichia coli-based
expression systems as described.25 The protein
used here has the cysteine residue at position 21
replaced by a serine residue in order to avoid com-
plexities arising from a free cysteine residue.26 An
additional Gly residue is present at the N terminus
as a result of the fact that AcP is expressed as a
protein fused to glutathione S-transferase (GST),
the latter being removed subsequently with
specific proteolytic cleavage.25 Such N-terminal
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Gly residue is assigned position 0, while the others
are correctly assigned positions 1–98. The recombi-
nant protein was analysed by HPLC and revealed
the occurrence of one major peak and two minor
ones. ESI MS analyses carried out on the major
peak accounting for a fraction higher than 90% of
total protein showed the presence of a single
component displaying a molecular mass of
11,049.7(^0.2) Da, in excellent agreement with the
theoretical mass value expected on the basis of the
AcP amino acid sequence (11,049.4 Da).

The other two peaks, accounting together for a
fraction less than 10% of total protein, represent
variants of AcP that are either N-terminally trun-
cated by one to three residues or oxidised at the
level of a Met residue. The large prevalence of the
intact protein renders the protein sample suitable
for the study presented here.

Limited proteolysis on native AcP

Limited proteolysis experiments on AcP were
first carried out in the absence of TFE or any other
denaturant, at pH 7.5 and 25 8C. Under these
conditions AcP is known to be stable and adopt
its native conformation.27 The far-UV circular
dichroism spectrum acquired for AcP under these

conditions (Figure 1) was very similar to that pre-
viously obtained for native AcP and typical of an
a/b protein.28 This confirms the native topology
of the AcP sample used here.

Limited proteolysis experiments were performed
using seven different proteases with the aim to
create conditions in which the selectivity of the
cleavage was not related to, or limited by, the
specificity of the enzyme. For each protease,
the appropriate enzyme:AcP ratio was accurately
determined to generate a limited number of pro-
teolytic events and to address protease action
towards the most flexible and solvent-exposed
sites. The peptide fragments released from native
AcP were separated by reverse-phase HPLC and
identified by ESI MS. This allowed the positions of
the cleavage sites to be assigned.

As an example, Figure 2 shows the HPLC
chromatograms of the aliquots withdrawn follow-
ing 15 minutes and 30 minutes of trypsin digestion.
AcP was immediately cleaved at Arg74,
releasing the complementary fragments 0-74
(8140.4(^0.8) Da) and 75-98 (2925.8(^0.5) Da)
(peaks 4 and 1 in Figure 2, respectively). Moreover,
peak 2 was identified as the peptide 8-98 with a
molecular mass of 10,277.8(^0.9) Da, indicating
the occurrence of a second cleavage site at Lys7.

Figure 1. A, CD spectra of AcP in
the presence of various concen-
trations of TFE. Dark, 0% TFE;
blue, 10% TFE after five hours
incubation; red, 25% TFE after two
minutes incubation; green, 25%
TFE after five hours incubation.
The spectra recorded in the absence
and presence of 10% TFE overlie
each other and are typical of the
native state of AcP. The spectrum
in the presence of 25% TFE changes
from that of an ensemble of
denatured conformations rich with
a-helical structure to that of an
aggregated state containing b-sheet
structure. B, Rate constant for the
conversion of an ensemble of
denatured and monomeric confor-
mations into b-sheet-containing
aggregates as a function of protein
concentration.
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Similar results were obtained when the proteolytic
experiments were carried out with the endopro-
teases AspN and V8. Preferential proteolytic sites
were identified near the N and C termini of the
protein, at Glu12, Asp76, Glu83 and Glu90, with
only AspN showing a cleavage site in the central
region of AcP at Asp56.

Further limited proteolysis experiments were
carried out by incubating AcP with broader speci-
ficity proteases such as chymotrypsin, thermolysin,
elastase and subtilisin. When chymotrypsin was
used as a proteolytic agent (Figure 3), the HPLC
time-course analysis showed the occurrence of
the complementary peptide pair 0-80 and 81-98
(fractions 4 and 1, mass values 8887.3(^1.1) Da
and 2180.1(^0.4) Da, respectively), indicating the
occurrence of a single proteolytic event at Phe80.

The overall data from the limited proteolysis
experiments are summarised in Figure 5A and
Table 1. Preferential proteolytic sites clustered into
two separate regions of the protein, the N-terminal
segment encompassing residues 4–12 and another
region near the C terminus, comprising b-strand 4
and part of the subsequent loop (residues 74–90).
Among the proteases utilised here, only Asp56
showed accessibility in the central region of the
protein. These results indicated that in native AcP
these segments are particularly flexible and
exposed, with the central region and a few residues

immediately before the C terminus constituting a
compact protein core.

Limited proteolysis on the amyloidogenic state
of AcP

The same approach was employed to investigate
the conformations of AcP in the presence of 10%
and 25% (v/v) TFE under the same conditions
of pH, temperature and AcP concentration. The
enzymatic activity of the various proteases was
evaluated at different TFE concentrations prior to
limited proteolysis analyses by using synthetic
substrates (data not shown). Preliminary proteo-
lytic experiments showed that thermolysin, V8
protease and endoprotease AspN displayed only a
very low proteolytic activity in the presence of the
co-solvent and hence were not used. The proteases
employed for the experiments in the presence of
TFE were then trypsin, chymotrypsin, elastase and
subtilisin. In order to account for the decrease of
proteolytic activity observed at higher percentages
of TFE the enzyme:AcP ratios were increased as
compared to those used in the corresponding
experiments on native AcP (see Materials and
Methods for further details).

The CD spectrum of AcP acquired after five
hours incubation in the presence of 10% TFE was
very similar to that recorded in the absence of

Figure 2. Limited proteolysis of native AcP with tryp-
sin. HPLC analysis of the aliquots withdrawn following
15 minutes (A) and 30 minutes (B) of trypsin incubation
of native AcP. The indicated fractions were manually col-
lected and the eluted peptides were identified by ESI MS.

Figure 3. Limited proteolysis of native AcP with
chymotrypsin. HPLC analysis of the aliquots withdrawn
following 15 minutes (A) and 30 minutes (B) of chymo-
tryptic digest of native AcP. The indicated fractions
were manually collected and the eluted peptides were
identified by ESI MS.
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co-solvent, suggesting that the protein retains a
native-like topology under these conditions (Figure
1A). The results of the limited proteolysis experi-
ments were in agreement with the CD data, as the
pattern of proteolytic cleavages was identical with
that obtained for the native protein in the absence
of TFE, as summarised in Figure 5B and Table 1.

The native fold of AcP rapidly denatures in
the presence of 25% TFE to generate, within five
seconds, an ensemble of denatured, monomeric
conformations presenting a relatively high content
of a-helical structure.4 At this stage no aggregates
were detected using electron microscopy, including
spherical, 4 nm wide, protofibrils that were
observed with electron microscopy during aggre-
gation of other systems.29 Amyloid protofibrils
and fibrils form relatively slowly from such an
ensemble after some hours.4 Accordingly, the CD
spectrum recorded two minutes after addition of
TFE, generates a typically a-helical spectrum
(Figure 1A). However, after five hours incubation
in 25% TFE, the CD spectrum of AcP is largely b
in character, indicating that aggregates are present
at this time (Figure 1A). The transition from a to
b-structure follows apparent single-exponential
kinetics.19 The observed rate constant was deter-
mined here at different protein concentrations
(Figure 1B). In the presence of 25% TFE aggrega-
tion is relatively slow ðk # 0:0001 s21Þ at the AcP
concentration of 0.1 mg ml21 used for the pro-
teolysis experiments described below, with no sub-
stantial aggregates accumulating within the time
required for enzymatic hydrolysis (15 minutes).
The a-helical spectrum of the initial state rules out
the presence of b-sheet containing oligomer pre-
cursors to amyloid formation. Hence, the confor-
mational state of AcP that was studied here in the
presence of 25% TFE by the limited proteolysis
approach is either an ensemble of denatured
monomeric conformations or an ensemble of
soluble oligomers in which the various molecules
are only weakly bound to each other and need
major conformational rearrangements to form the
b-sheet structure typical of the protofibrils. This
conformational state will be referred to as the
amyloidogenic state.

Figure 4 shows the HPLC chromatograms of the
aliquots withdrawn after 15 minutes of trypsin (A)
and chymotrypsin (B) digestions of AcP in the
presence of 25% TFE. The ESI MS analysis of indi-
vidual tryptic peptides (Figure 4A) identified frac-

tions 1 and 2 as the complementary peptide pairs
0-23 (2617.2(^0.6) Da) and 24-98 (8448.5(^0.6) Da).
This clearly indicates that a proteolytic event
occurred at the level of Arg23. The molecular mass
of fraction 3 was measured as 10,277.2(^0.9) Da,
corresponding to the peptide 8-98. This confirmed
Lys7 as a further preferential tryptic cleavage site
also in the presence of 25% TFE.

The mass spectral analysis of chymotrypsin frac-
tions 1 and 2 (Figure 4B) revealed the occurrence
of the peptide pair 23-98 (8604.7(^0.9) Da) and
0-22 (2461.1(^0.2) Da) generated by a proteolytic
cleavage at Phe22. Peak 3 displayed a molecular
mass of 10,405.5(^0.9) Da corresponding to the
fragment 7-98 and fraction 6 showed a mass value
of 10,529.9(^0.9) Da corresponding to the peptide
0-94. The presence of these fragments indicates

Table 1. Preferential hydrolysis sites obtained for the native and amyloidogenic states of AcP

TFE (%)
Trypsin Chymotrypsin

Endoprotease
V8

Endoprotease
AspN Elastase Subtilisin Thermolysin

0 Lys7, Arg74 Phe80 Glu12, Glu83,
Glu90

Asp56, Asp76 Thr78 Leu6, N-terminal Ser5, Asn79

10 Lys7, Arg74 Phe80 n.d. n.d. Thr78 Leu6, N-terminal n.d.
25 Arg23 Phe22, Phe94,

Leu6
n.d. n.d. Leu6, Lys7,

Val20, Arg23
Leu6, Gln18, Phe94 n.d.

n.d., not determined.

Figure 4. Limited proteolysis experiments of AcP in
the amyloidogenic state. HPLC chromatograms of the
aliquots withdrawn following 15 minutes of trypsin (A)
and chymotrypsin (B) digestions of AcP in the presence
of 25% TFE. The indicated fractions were manually col-
lected and the eluted peptides were identified by ESI MS.

Limited Proteolysis on Acylphosphatase 257



that the protein was preferentially cleaved at Leu6
and Phe94. Similar results were obtained with the
non-specific proteases subtilisin and elastase with
preferential proteolytic sites occurring at Leu6,
Lys7, Gln18, Val20, Arg23 and Phe94.

The overall results of the limited proteolysis
experiments carried out on AcP in 25% TFE are
summarised in Figure 5C and Table 1. When these
data are compared to those obtained on native
AcP in the absence of TFE or in the presence of
10% co-solvent, a completely different pattern of
proteolytic cleavages emerged, indicating that
increasing TFE concentrations induced substantial
conformational changes in the structure of AcP. In
the presence of 25% co-solvent, the N-terminal
region of AcP seems less flexible than the corre-
sponding region of the native molecule and the
segment encompassing residues 74–90, which was
easily cleaved in the native protein, resulted in
completely resistant to proteases. On the contrary,
the region comprising residues 18–23 became
accessible to proteolytic enzymes in the presence
of TFE. Finally, a new cleavage site appeared in
the C-terminal region at the level of Phe94.

Limited proteolysis in the presence of a
stabilising ligand

The sensitivity of AcP to proteolytic digestion in

25% TFE was also assessed in the presence of
50 mM phosphate, a ligand that specifically
binds to the active site of native AcP.30 A ligand
binding specifically to the native state of a pro-
tein acts as an inhibitor of aggregation and
amyloid formation as a consequence of the
stabilisation of the native state resulting from
complex formation.31,32 A phosphate concen-
tration of 50 mM is able to stabilise the native
state of AcP by ca 15 kJ mol21 and to slow aggre-
gation dramatically under these conditions of
TFE concentration.32

The limited proteolysis experiments were per-
formed using trypsin and chymotrypsin as proteo-
lytic probes under the same conditions described
above, i.e. 0.1 mg ml21 AcP, pH 7.5, 25 8C. Native
AcP was incubated in 50 mM phosphate buffer for
15 minutes prior to protease addition and the
extent of proteolysis was monitored on a time-
course basis. No protein fragments were released
from AcP using the usual concentrations of either
protease, demonstrating that the ligand exerted
a very strong protection to the conformational
changes that lead to partial unfolding and then to
aggregation. When the protease:AcP ratio was
increased by ten times, a distribution of preferen-
tial proteolytic sites similar to that found on native
AcP in the absence of TFE was obtained (data not
shown).

Figure 5. Location of proteolytic sites in native and amyloidogensic AcP. Schematic representation of the results
obtained from limited proteolysis experiments on AcP in the absence (A) and in the presence of 10% (B) and 25% (C)
TFE. Preferential proteolytic sites occurring only in the amyloidogenic state, i.e. at 25% TFE, are highlighted in green;
those recognised by proteases at both 0% and 10% TFE are indicated in blue and those identified in all conditions are
in red.
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Discussion

AcP is a protein able to aggregate into amyloid
fibrils morphologically related to those associated
with a number of human diseases.4 The possibility
of inducing the process of fibrillogenesis in vitro
under controlled conditions, i.e. in the presence of
moderate concentrations of TFE, renders AcP a
suitable model system for investigating the funda-
mental aspects of protein aggregation. The object
of the present study is the “amyloidogenic” state,
i.e. the ensemble of denatured and monomeric
conformations that is produced immediately after
unfolding of native AcP in TFE prior to the for-
mation of any stable protein aggregates. Different
conformational states of AcP, such as the native,
ligand-bound and TFE-denatured states, were
probed by limited proteolysis combined with
mass spectrometric methodologies. The overall
strategy is based on the evidence that amino
acid residues located within exposed and flexible
regions of the protein can be recognised by pro-
teases, leading to a reasonably good imprinting of
the AcP conformation in solution.33 Since the sur-
face topology of the protein is affected by confor-
mational changes, when comparative experiments
were carried out on AcP either at different TFE
concentrations or in the presence of phosphate,
differential peptide maps were obtained from
which protein regions with preferential flexibility
or exposure to the solvent could be inferred.

In the absence of denaturant or in the presence of
10% TFE, AcP adopts a native conformation. The
same distribution of proteolytic sites was conse-
quently obtained under these conditions. It is
worth noticing, however, that in the presence of
10% TFE, AcP appeared more susceptible to pro-
teolytic digestion, even if the cleavage site pattern
was identical. This indicates that a greater flexi-
bility is gained upon the addition of small amounts
of TFE. In both cases, the limited proteolysis
experiments revealed that the N-terminal region
(residues 1–12) and a region that encompasses
b-strand IV and part of the subsequent loop (resi-
dues 74–90) are accessible to the proteases as
indicated in Figure 5. These segments correspond
to regions that are rather mobile in the native
conformation27 and are totally unstructured in the
transition state for folding and unfolding.34 This
suggests that the unfolding process of AcP is
initiated by the local unfolding of these portions
of the protein. These events of local unfolding
cause the remainder of the protein to be destabi-
lised and are therefore likely to trigger the coopera-
tive unfolding of the entire protein.

The results of limited proteolysis performed in
the presence of 25% TFE provide new insight into
the structure and dynamics of the amyloidogenic
state and the mechanism of aggregation of AcP.
Denaturation of AcP in the presence of 25% TFE
uncovers a number of proteolytic sites along the
polypeptide chain. These are located within the
N-terminal residues 6-7 and the segment 18-23.

A proteolytic site at positions 94, within the
b-strand V at the C terminus, was also probed by
two distinct proteases. All other regions do not
appear to be susceptible to proteolytic attack. Pre-
ferential proteolysis at these sites does not result
from the specificity of the proteases employed
here. Trypsin, for example, is known to hydrolyse
peptide bonds preceding residues of lysine or argi-
nine. AcP possesses six arginine residues and nine
lysine residues. These do not cluster within one or
a few regions of the sequence, but are distributed
rather uniformly along the sequence. Preferential
cleavage of this enzyme at Arg23 is a consequence
of the exposure of this residue as compared to
others. Similarly, chymotrypsin preferentially
cleaves peptide bonds preceding hydrophobic and
aromatic residues that are highly represented
along the sequence of AcP. Elastase and subtilisin
have even broader specificity.

A previous study had indicated the two regions
of the sequence 16–31 and 87–98 as the key sites
for promoting the aggregation process of AcP
from the TFE-denatured state.19 Indeed, the aggre-
gation rate of AcP is highly sensitive to single-
point mutations within these regions. In addition,
synthetic peptides corresponding to these two
stretches of the AcP sequence are highly prone to
aggregate.19 Interestingly, proteolytic sites are pre-
sent within these regions in the amyloidogenic
state (Figure 5). This suggests that the importance
of these two regions in the aggregation process
arises from their solvent-exposure and flexibility,
which render them accessible for intermolecular
interactions. The N-terminal region is also solvent-
exposed and vulnerable to proteolytic attack
(Figure 5). Nevertheless, the small values of
hydrophobicity and b-sheet propensity render this
region insignificant in the aggregation process as
revealed by the full solubility of the peptide corre-
sponding to this region and the unchanged aggre-
gation rate of AcP when this region is mutated.19

It is particularly interesting to note that no
proteolytic sites have been identified in the amy-
loidogenic state of AcP within the region corre-
sponding to b-hairpin 34-53. This region was
shown by the mutational study to be very impor-
tant in the folding process of AcP but not in that
of aggregation.19,34 The lack of importance of this
sequence region in the aggregation process, which
seemingly contrasted with its high hydrophobicity
and b-sheet propensity, finds an explanation in
the finding reported here that this portion of the
AcP sequence is relatively shielded from the
solvent and therefore inaccessible for establishing
the first intermolecular contacts needed for
aggregation.

Limited proteolysis experiments performed in
the presence of 50 mM phosphate, a ligand binding
specifically to the active site of native AcP,30

showed an almost absolute resistance of AcP to
the proteolytic attack even when the experiments
were performed in 25% TFE. When the protease:
AcP ratio was increased by ten times, a distribution
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of preferential proteolytic sites similar to that
found in the absence or in the presence of 10%
TFE was obtained. Since the phosphate ion binds
specifically to the active site of native AcP, the
native state of AcP is stabilised in its presence to
an extent sufficient to be largely populated even
in 25% TFE.36 The absence of proteolytic events
within the region 18-23 and at position 94 indicates
that the phosphate-induced folding of AcP favours
the partial shield of regions critical to aggregation
from the solvent. This result experimentally sup-
ports previous suggestions that addition of ligands
binding specifically to the native state of a protein
is a strategy of general value to prevent amyloid
formation.31,32

Many of the proteolytic sites detected in the
amyloidogenic state of AcP are located in a region
of the sequence encompassing residues 18–23
(Gln18-Gly19-Val20-Cys21-Phe22-Arg23). Proteo-
lysis at these sites is by itself an indication that
these residues of AcP have a relatively high pro-
pen-sity to interact with other protein molecules.
In addition to its relatively high solvent exposure
and/or flexibility, this continuous stretch of amino
acid residues is highly hydrophobic and possesses
a relatively high propensity to form b-sheet
structure.19 Molecular chaperones of the Hsp70
family, ubiquitous proteins that bind to polypep-
tide chains during biosynthesis and cellular stress
to prevent their aggregation, have been shown to
bind to unfolded stretches of the target proteins,
through hydrophobic side-chain interactions and
hydrogen bonds with the peptide backbone.35

Hsp70s recognise exposed hydrophobic side-
chains, in conjunction with an accessible polypep-
tide backbone.35 These features are all present in
the 18-23 region of AcP in the amyloidogenic
state. Moreover, residues 19–23 consist of the
typical consensus motif of Hsp70s, that is a hydro-
phobic core of four to five residues flanked by
basic residues.37 This suggests that chaperones
normally present in the cell can effectively inhibit
aggregation of AcP by binding to the regions of
the sequence that play a key role in the aggregation
of this protein.

In conclusion, regions of the sequence previously
recognised from a protein engineering approach to
promote the process of aggregation of AcP appear
to be solvent-exposed and/or flexibile enough to
be accessible to intermolecular interactions. The
observation that such regions may be preferential
sites for the interaction with molecular chaperones
of the Hsp70 family allows the mechanistic
description of the aggregation of AcP to be
related to the well-known binding properties of
chaperones.

Materials and Methods

Materials

Trypsin, chymotrypsin, thermolysin, elastase and

subtilisin were purchased from Sigma. V8 endoprotease
and AspN endoprotease are from Roche. TFE and
Tris–HCl are from Sigma. All other chemicals and
HPLC solvents are from Baker.

Limited proteolysis experiments

Limited proteolysis experiments were carried out by
incubating AcP with trypsin, chymotrypsin, V8 endo-
protease, AspN endoprotease, thermolysin, elastase and
subtilisin. Enzymatic digestions were all performed in
100 mM Tris–HCl (pH 7.5) at 25 8C using enzyme-to-
substrate ratios ranging between 1:70 and 1:200 (w/w).
Enzymatic digestions at different concentrations of TFE
were carried out under the same conditions in the
presence of 10% and 25% TFE using enzyme-to-substrate
ratios ranging from 1:10 to 1:380 (w/w). The extent of
the reaction was monitored on a time-course basis
by sampling the incubation mixture at different time
intervals. Proteolytic fragments were fractionated by
reverse-phase HPLC on a Phenomenex Jupiter C18
column and the individual fractions were manually
collected and analysed by electrospray ionisation mass
spectrometry (ESI MS).

Chromatographic separation of peptides

Peptide mixtures from the different proteolysis experi-
ments were fractionated by reverse-phase HPLC on a
Phenomenex Jupiter C18 column (250 mm £ 2.1 mm,
300 Å pore size) with a multistep gradient from 10%
to 30% acetonitrile/isopropanol (2:1, v/v), in 0.07%
trifluoroacetic acid (TFA) over 12 minutes and from 30%
to 50% in 32 minutes. The flow rate was kept at 200 ml/
minute. Elution was monitored at 220 nm. Fractions
were collected and identified by ESI MS.

Mass spectrometry

Proteolytic fragments were analysed by ESI MS on an
API-100 single quadrupole instrument (Perkin Elmer).
Samples were injected directly into the ion source by a
Harward pump syringe at a flow rate of 3 ml/minute.
Data were acquired and processed using Biomultiviewer
(Perkin Elmer) software. Horse heart myoglobin was
used to calibrate the instrument (average molecular
mass 16,951.5 Da); all masses are reported as average
masses.

Circular dichroism

AcP was incubated at a concentration of 0.4 mg ml21

in the presence of 0%, 10% and 25% (v/v) TFE, acetate
buffer, pH 5.5, 25 8C. After five hours incubation under
these conditions CD spectra were acquired by means of
a Jasco J-720 spectropolarimeter and cuvettes of 1 mm
path length. The spectrum immediately after addition of
25% TFE was also acquired.
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