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The acylphosphatases fromSulfolobus solfataricusandDrosophila melanogaster(Sso AcP and AcPDro2)
were previously shown to form amyloid-like aggregates without the need to unfold initially. Inorganic
phosphate (Pi), a competitive inhibitor binding specifically to the active site of these proteins, was found to
stabilize, upon binding, the native state of AcPDro2 and to inhibit its conversion into amyloid-like fibrils.
The inhibitory effect of Pi is suppressed only in a variant in which the Arg residue responsible for Pi binding
is mutated. The study on Sso AcP shows that Pi retards both the formation of the initial nativelike oligomers
and their subsequent conversion into protofibrils. Thus, stabilization of the native structure mediated by
specific binding with small molecules can be an effective therapeutic strategy against protein deposition
diseases that originate from initially folded proteins, independently of the structure of the protein, its
aggregation pathway, and the particular aggregated species responsible for pathogenesis.

1. Introduction

A number of pathological conditions are associated with the
conversion of a specific protein or peptide from its soluble state
into well organized fibrillar aggregates that accumulate in the
extracellular space or inside the cells of fundamental tissues.1-3

These disorders include neurodegenerative conditions, such as
Alzheimer’s, Parkinson’s and Creutzfeldt-Jacob disease; non-
neuropathic systemic amyloidoses, such as senile systemic
amyloidosis, primary (light chain) systemic amyloidosis, and
hemodialysis-related amyloidosis; and nonneuropathic localized
diseases, such as type-II diabetes and pituitary prolactinoma.1,3

The fibrillar assemblies, generally referred to as amyloid fibrils
when they accumulate extracellularly, have the ability to bind
specific dyes such as thioflavin T (ThT)4,5 and Congo red
(CR).6,7 They consist of two to six protofilaments, each around
2-5 nm in diameter, that generally twist together to form fibrils
that are typically 7-13 nm wide.8 In each individual protofila-
ment the protein molecules are arranged to formâ-strands that
run perpendicular to the long axis of the fibril.9,10

Some of the precursor proteins responsible for these patho-
logical conditions are normally folded, in their soluble states,
into globular units with persistent secondary structure and long-
range interactions; examples includeâ2-microglobulin, trans-
thyretin (TTR), lysozyme, immunoglobulin light chain, super-
oxide dismutase-type 1 (SOD-1), insulin, cystatin c, gelsolin,
lactoferrin, and prolactin.3,11It is widely accepted, and supported
by substantial evidence, that amyloid formation from an initially
folded protein generally requires partial or total unfolding.3,11-13

This “conformational change hypothesis” has led to the idea
that small molecules binding specifically to the native tetramer
of TTR could be effective therapeutic means against the various
pathological conditions associated with amyloid deposition by
TTR. Indeed, they were found to increase the free energy
difference between the native tetramer of TTR and both the
monomeric, partially folded state, and the tetramer dissociative
transition state, therefore decreasing the equilibrium population
of the amyloidogenic precursor(s) and/or increasing the kinetic
barrier for TTR tetramer dissociation.14,15 This idea has led to

the search of hundreds of small molecules resembling the
chemical structure of thyroxine and having therefore an ability
to bind to the native tetramer of the protein by occupying the
two natural binding sites at the dimer-dimer interfaces.16

Along the same lines it was found that ligands binding to
the native state of human muscle acylphosphatase inhibits fibril
formation with an efficacy that correlates with ligand concentra-
tion and binding constant.17 In another study, a cavity at the
monomer-monomer interface of native SOD-1 was exploited
to identify, by an in silico screening approach, a number of
compounds binding to the native dimer of SOD-1 and inhibiting
aggregation.18 Finally, a single-domain fragment of a camelid
antibody binding to native human lysozyme was also found to
inhibit aggregation.19

Although the conformational change hypothesis is certainly
appropriate to explain the aggregation behavior of many folded
proteins, evidence is mounting that proteins retain a small yet
significant propensity to aggregate when folded into their native
structures. Models in which partial or complete unfolding is
ruled out, at least in the initial step(s) of the complex process
of fibril formation, have been described for human insulin,20

Ure2p fromSaccharomyces cereVisiae,21 the variable domain
of an immunoglobulin light chain (called LEN),22 human
lithostathine,23 the acylphosphatase fromSulfolobus solfatari-
cus,24,25 the S6 protein fromThermusthermophilus,26 human
ataxin-327 and the isoform 2 of acylphosphatase fromDrosophila
melanogaster.28

If a globular protein undergoes aggregation without unfolding,
at least in the early steps of the process of self-assembly when
the first oligomers form, the question naturally arises as to
whether strategies designed to stabilize the globular native state
represent an effective therapeutic means to inhibit aggregation
and contrast disease onset. This is an important issue as it is
increasingly recognized that the small oligomers, rather than
the mature fibrils, represent the pathogenic species in many
protein deposition diseases. In this work we use the acylphos-
phatases fromD. melanogaster(AcPDro2) andS. solfataricus
(Sso AcP) to explore the effect on amyloid aggregation of a
ligand binding specifically to the native states of these two
proteins. Unlike other acylphosphatases so far investigated,
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namely the N-terminal domain ofEscherichia coliHypF (HypF-
N) and human muscle acylphosphatase,29,30 AcPDro2 and Sso
AcP were previously shown to aggregate, under conditions in
which their native states are initially populated, by forming
assemblies in which the proteins retain a nativelike structure
that only later converts into amyloid-like protofibrils and/or
fibrils (Figure 1a).24,25,28

Similarly to all the acylphosphatases so far characterized,
AcPDro2 and Sso AcP areR/â proteins with a ferredoxin-like
fold in their native states (Figure 1b,d)31,32 and an ability to
catalyze the hydrolysis of acyl phosphates.32,33From structural
inspection and a detailed mutational study carried out on the
homologous human muscle acylphosphatase,34-36 the active site
of AcPDro2 appears to be formed by Arg27, Asn45, and the
loop 19-24 (Figure 1b,c). These correspond to Arg30, Asn48,
and loop 22-27 for Sso AcP (Figure 1d,e). The Arg residue is
mainly involved in acyl phosphate binding, whereas the Asn
residue binds to the water molecule, promoting hydrolysis, and
participates in catalysis.34,35Importantly, the active site can also
bind specifically, by means of the Arg residue, to a number of
competitive inhibitors containing either a phosphate or sulfate
group.17,37 Pi (inorganic phosphate) was confirmed to be a
competitive inhibitor for both AcPDro2 and Sso AcP, thus with
an ability to bind to the active site of these two proteins in their
native states.32,33

The kinetically well characterized pathways of amyloid
aggregation for AcPDro2 and Sso AcP and the ability of their

native states to bind specifically to an ion as simple as Pi make
these two proteins ideal systems to investigate whether com-
pounds binding specifically to the native folded states of
amyloidogenic proteins can be effective drugs even for cases
in which unfolding may not be the primary step in amyloido-
genesis.

2. Results

2.1. Pi Stabilizes Native AcPDro2 and Inhibits Its Conver-
sion into Amyloid-like Fibrils. AcPDro2 was previously shown
to form, in 5% (v/v) trifluoroethanol (TFE) at pH 5.5 and 25
°C, aggregates with a morphology and diameter typical of
amyloid fibrils, a high content ofâ-sheet structure, and an ability
to bind CR and ThT.28 Under such conditions AcPDro2 was
found to have, before aggregation, a fully native structure;
moreover, it was also shown to have a conformational stability,
expressed as free energy change of unfolding (∆GU-F

H2O),
apparently identical to that determined in the absence of TFE,
i.e., under conditions in which the protein does not aggregate.28

The time-course of fibril formation was shown to be remarkably
more rapid than that expected from models in which the protein
is viewed to unfold before assembly, leading to the aggregation
scheme reported in Figure 1a.28

We first investigated whether Pi, a competitive inhibitor
binding to the active site of all acylphosphatases so far
investigated including AcPDro2,33 stabilizes the native structure
of AcPDro2 relative to the fully unfolded state. Figure 2a shows

Figure 1. Three-dimensional structures and aggregation pathways of AcPDro2 and Sso AcP. (a) Mechanisms of aggregation of AcPDro2 into
amyloid-like fibrils or Sso AcP into amyloid protofibrils, under conditions in which both proteins are initially native. Both proteins were shown to
undergo assembly and, subsequently, a structural reorganization to form amyloid-like structures. Reprinted with permission fromJournal of Molecular
Biology(Plakoutsi, G.; Bemporad, F.; Calamai, M.; Taddei, N.; Dobson, C. M.; Chiti, F. Evidence for a mechanism of amyloid formation involving
molecular reorganisation within native-like precursor aggregates.J. Mol. Biol. 2005, 351, 910-92225). Copyright 2005, with permission from
Elsevier. (b,c,d,e) Three-dimensional structures of native AcPDro2 (b,c) and Sso AcP (d,e) shown by secondary structure (b,d) and space-fill (c,e)
representation as determined by X-ray crystallography (PDB codes are 1URR and 2BJD, respectively).31,32 In all structures, residues of the active
site are shown in yellow (Arg27 and Arg30 in AcPDro2 and Sso AcP, respectively), orange (Asn45 and Asn48, respectively), and blue (residues
GXVQGV at positions 19-24 and 22-27, respectively). All structures are obtained using the SwissPDBViewer software.
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urea-induced unfolding curves acquired at equilibrium in the
presence of increasing concentrations of Pi and obtained using
intrinsic fluorescence as a spectroscopic probe to follow
unfolding. The analysis of the curves, carried out using a two-
state model,38 yielded for each of the investigated Pi concentra-
tions, the values of unfolding midpoint (Cm), cooperativity (m
value), and free energy of unfolding extrapolated in the absence
of denaturant (∆GU-F

H2O). These are reported in Table 1. The
Cm value appears to increase with Pi concentration (Figure 2a
and Table 1). Since them value appears to be substantially

similar under the various conditions, the∆GU-F
H2O also appears

to increase with Pi concentration (Table 1).
We then studied amyloid fibril formation of AcPDro2 at Pi

concentrations ranging from 0 to 10 mM. Under such conditions
AcPDro2 is initially native (data not shown). Fibril formation
of AcPDro2, followed using the ThT fluorescence assay, was
found to be increasingly slower as the Pi concentration increases
(Figure 2b and Table 1).

2.2. Pi Has No Effect on an AcPDro2 Mutant Lacking the
Main Residue Involved in Binding. To investigate further
whether the inhibitory effect of Pi on amyloid formation arises
from the ability of this compound to bind to and stabilize the
protein in its native conformation or rather from another
nonspecific effect, two single mutants of AcPDro2 were
produced, having Arg27 and Asn45 substituted with alanine,
respectively (R27A and N45A AcPDro2). From a detailed study
carried out on the homologous human muscle acylphosphatase,34

Arg27 is known to be the main binding site of both the substrate
and competitive inhibitor. Accordingly, R27A AcPDro2 appears
to be enzymatically inactive (Table 1) and does not appear to
be stabilized by the addition of 5 mM Pi (Figure 3a, Table 1).
In addition to having no stabilizing effect of the native structure
of AcPDro2, Pi was also found to have no detectable effect on
the fibril formation rate of AcPDro2, at the same concentration
of 5 mM (Figure 3b). This allows the Pi-mediated inhibition of
amyloid fibril formation to be closely linked to the ability of
the compound to bind to, and stabilize, the native structure of
the protein.

2.3. Pi Inhibits Amyloid Formation of a Catalytically
Inactive Variant in Which P i Binding Is Retained.Asn45 is
thought to be mainly involved in catalysis, rather than substrate
and Pi binding, from the study performed on the corresponding
Asn41 of human muscle acylphosphatase.35 N45A AcPDro2 has
lost its acylphosphatase activity (Table 1) but can still bind to,
and be stabilized by, Pi (Table 1 and Figure 3c). The increases
of Cm and∆GU-F

H2O following the addition of 5 mM Pi were
0.40 M and 2.2 kJ mol-1, respectively (Table 1). These values
were lower than those of the wild-type protein (0.7 M and 4.1
kJ mol-1, respectively), indicating that although the N45A
mutant retains an ability to bind to Pi, it does so with a lower
binding affinity. Fibril formation of N45A AcPDro2 is signifi-
cantly retarded in the presence of 5 mM Pi (Figure 3d), although
the deceleration is only 2.6-fold and lower than that of the wild-
type protein, 8.9-fold (Table 1). This result can be effectively
explained by considering that the native state of the N45A
mutant has a retained, but decreased, ability to bind to Pi relative
to the wild-type protein.

2.4. Pi Slows Down the Formation of Nativelike Oligomers
by Sso AcP.Sso AcP is a hyperthermophilic protein with a
∆GU-F

H2O of 48 kJ mol-1 at pH 5.5, 37°C,39 with unfolding
occurring only under very harsh conditions.32 In 15-25%
(v/v) TFE, pH 5.5, 25 °C, the protein populates, before
aggregation initiates, a nativelike conformation.24 On the time
scale of 1-2 min, oligomers form in which the protein
molecules retain a marked enzymatic activity.25 These species
do not yet bind CR, ThT, and 1-anilino-8-naphthalenesulfonic
acid (ANS) nor do they show an extensiveâ-sheet structure, as
revealed by far-ultraviolet circular dichroism (far-UV CD) and
Fourier transform infrared spectroscopy (FTIR).25 Despite a
nativelike topology, the secondary structure appears to be
changed to some extent.25

These oligomers further convert directly, on the time scale
of several minutes with no need of dissociation and renucleation,
into another type of aggregate which binds CR, ThT, and ANS;

Figure 2. (a) Equilibrium urea unfolding curves of wild-type AcPDro2
in 0 mM (b), 1 mM (4), 2 mM (9), 5 mM (O), and 10 mM (×) Pi.
The lines represent the best fits to the two-state equation previously
described.38 (b) Time-course of aggregation of 0.4 mg mL-1 wild-type
AcPDro2 in 10% (v/v) TFE with various amounts of Pi (symbols as in
Figure 2a). The zero time point refers to the addition of TFE to the
protein solution. The lines through the data represent the best fits to a
single-exponential function (eq 1). In both panels conditions were 50
mM acetate, 2 mM DTT, pH 5.5, 25°C.

Table 1. Parameters for Enzymatic Activity, Equilibrium Unfolding,
and Aggregation of AcPDro2 Variants

variant
specific activity

(IU mg-1)a Cm (M)b
∆GU-F

H2O

(kJ mol-1)b,c kobs(s-1)d

wt/0 mM Pi 1280 2.65( 0.1 15.5( 0.7 1.7((0.1)‚10-3

wt/1 mM Pi 2.9( 0.1 16.9( 0.7 1.2((0.1)‚10-3

wt/2 mM Pi 3.1( 0.1 17.9( 0.7 6.3((0.6)‚10-4

wt/5 mM Pi 3.35( 0.1 19.6( 0.7 1.9((0.2)‚10-4

wt/10 mM Pi 3.45( 0.1 20.1( 0.7 9.1((0.6)‚10-5

R27A/0 mM Pi not detectable (∼0) 4.3( 0.1 25.1( 0.8 3.5((0.5)‚10-3

R27A/5 mM Pi 4.45( 0.1 25.9( 0.8 4.0((0.5)‚10-3

N45A/0 mM PI not detectable (∼0) 3.3( 0.1 19.4( 0.7 6.1((0.3)‚10-4

N45A/5 mM Pi 3.7( 0.1 21.6( 0.7 2.3((0.2)‚10-4

a Determined in 50 mM acetate buffer, pH 5.5, 25°C, using 4 mM
benzoyl phosphate as a substrate. IU) international units.b Determined
from equilibrium urea-unfolding experiments analyzed according to a two-
state model (Santoro and Bolen38). c ∆GU-F

H2O values were calculated using
∆GU-F

H2O ) 〈m〉Cm, where〈m〉 equals 5.8( 0.1 kJ mol-1 M-1 (the average
m value from all the acquired curves).d Aggregation rate constants
determined from time courses of ThT fluorescence analyzed with eq 1.
Conditions were 10%, 13%, and 11% (v/v) TFE for wild-type, R27A, and
N45A AcPDro2, respectively.
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possesses extensiveâ-sheet structure; and lacks enzymatic
activity.25 Using transmission electron microscopy these species
appear to have a morphology typical of amyloid protofibrils,
i.e., spherical aggregates with a diameter of 3-5 nm, or
chainlike aggregates in which the constituent beads again have
a diameter of 3-5 nm.25 Formation of the first and second types
of aggregates occurs 2 and 4 orders of magnitude more rapidly
than unfolding of the native monomer under the same condi-
tions, ruling out the need to unfold to initiate aggregation (Figure
1a).24 Our ability to resolve on the time scale the formation of
the nativelike oligomers and their further conversion into
amyloid protofibrils provides a unique opportunity to investigate
the effect of Pi on the two aggregation phases separately.

Self-assembly of native monomers into nativelike oligomers
can be effectively followed by monitoring the change of either
light scattering intensity or ellipticity at 208 nm ([θ]208), since
the difference of the CD signals is maximal at this wavelength.40

The apparent rate constants obtained with the two experimental
spectroscopic probes are essentially similar.40 We have therefore
chosen to use far-UV CD for analyzing the effect of Pi on this
oligomerization step. Incubation of wild-type Sso AcP in 20%
(v/v) TFE yields a rapid increase of [θ]208 followed by a much
slower increase (Figure 4a), with these changes attributable to
the first and second aggregation phases, respectively.40 The
addition of 1 or 2 mM Pi causes the first rapid increase of [θ]208

to be slower and lower in magnitude (Figure 4a,b). This indicates
that Pi slows down the formation of the native oligomers and
causes the conformational change associated with their formation
to be less significant than in the absence of Pi. The CD traces
obtained for wild-type Sso AcP in the presence of Pi are
characterized by small but significant exponential changes of
CD signal, although these are visually masked by the relatively

high signal-to-noise ratio (Figure 4a). The traces could therefore
be analyzed with a procedure of best fit using eq 2 (Figure 4a,
solid line) to yield the rate constants reported in Figure 4b.

Pi has no effect and a significant decelerating effect on this
aggregation phase for the R30A and N48A mutants of Sso AcP,
respectively (corresponding to the R27A and N45A variants for
AcPDro2). In the presence of Pi, R30A Sso AcP assembles with
a rate even higher than that of the wild-type protein in the
absence of Pi (Figure 4a), probably as a result of the effect of
the mutation on aggregation (the mutation decreases the net
charge of Sso AcP, thus facilitating aggregation relative to the
wild-type). By contrast, aggregation of the N48A mutant in the
presence of 1 mM Pi appears to be slower, and involve a lower
amplitude change of [θ]208, than for the wild-type protein in
the absence of the ligand (Figure 4a). These results allow the
inhibitory effect of Pi on the formation of nativelike oligomers
to be coupled again to the specific binding of the ligand with
the native monomeric protein.

2.5. Pi also Decelerates the Conversion of Nativelike
Oligomers into Amyloid-like Protofibrils. The second step
of aggregation, that is the conversion of the nativelike oligomers
into the amyloid-like protofibrils, can be followed by monitoring
the exponential increase of ThT fluorescence as previously
reported.25,40Such an exponential increase is protein concentra-
tion independent, as it involves a structural conversion within
a preformed aggregate rather than being rate-limited by the
assembly of two or more protein molecules.25 This aggregation
step appears to be decelerated markedly by 1 mM Pi for wild-
type Sso AcP (Figure 5). This suggests that Pi can still bind to,
and stabilize, the nativelike aggregates (which indeed are
enzymatically active and possess the ability to bind the substrate)
and disfavors their conversion into amyloid protofibrils in which

Figure 3. (a,c) Equilibrium urea unfolding curves for R27A (a) in 0 mM (9) and 5 mM (0) Pi, and for N45A (c) in 0 mM ([) and 5 mM (])
Pi. The lines represent the best fits to the two-state equation previously described.38 (b,d) Time-course of aggregation of 0.4 mg mL-1 R27A (b) and
N45A (d) in solutions containing 0 mM and 5 mM Pi (symbols as in panels a and c). For both b and d, the zero time point refers to the addition
of TFE to the protein solution. The lines through the data represent the best fits to a single-exponential function (eq 1). Experimental conditions
were 0% (a,c), 13% (b), or 11% (d) TFE, 50 mM acetate buffer, 2 mM DTT, pH 5.5, 25°C.
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the nativelike topology, enzymatic activity, and binding proper-
ties are lost. The same aggregation step for the R30A variant
in the presence of 1 mM Pi was found to occur with a rate
apparently identical to that found for the wild-type protein in
the absence of Pi (Figure 5), lending further support to the
importance of binding specificity. Accordingly, the nativelike
aggregates of N45A Sso AcP, in which the substituted residue
is involved in catalysis but not substrate binding, convert more
slowly in the presence of Pi relative to the wild-type protein in
its absence (Figure 5).

3. Discussion

Several works have demonstrated that that the binding of a
ligand to the native state of a folded protein is an effective
therapeutic strategy to inhibit amyloid formation, when this
process requires at least partial unfolding or disruption of the
native quaternary structure.14,16-19 The results presented here
suggest that the ligand-mediated stabilization of the native state
is also an effective strategy to inhibit amyloid formation even
when the process does not require unfolding as an early step to
trigger the process of assembly. Both of the globular proteins
used here aggregate more slowly in the presence of a ligand

that acts physiologically as a competitive inhibitor and hence
binds specifically to the active site of the native state. In both
proteins the inhibitory effect is no longer present when the main
substrate and inhibitor-binding residue is substituted (Arg27 and
Arg30 for AcPDro2 and Sso AcP, respectively), whereas it is
maintained when the main catalytic site that is not involved in
binding is replaced (Asn45 and Asn48 for AcPDro2 and Sso
AcP, respectively). Although the two proteins used here are not
involved in any protein deposition disease and Pi binds to them
with an affinity that could not be exploitable in pharmacological
research, these results underlie the concept that stabilization of
the native conformation of amyloidogenic proteins by specific
binding can represent a strategy of general interest for inhibiting
aggregation and amyloid formation in vivo.

In the aggregation process of Sso AcP, where the formation
of the nativelike oligomers can be studied independently of their
later conversion into amyloid-like protofibrils, the ligand appears
to retard both aggregation phases. These findings indicate that
following binding with the ligand both the monomeric native
state and the early oligomeric nativelike species are stabilized,
whereas the transition state for their interconversion is affected
to a lower extent or is not affected at all (Figure 6). Similarly,
the transition state for the conversion of the initial oligomers
into the protofibrils is stabilized only marginally relative to the
nativelike oligomers. The amyloid protofibrils, in which the
individual protein molecules have undergone a major confor-
mational change, have presumably lost completely their affinity
for the ligand and therefore are not stabilized upon ligand
addition. In this scenario, the free energy barriers for both
aggregation phases increase in the presence of ligand, explaining
the deceleration of both aggregation phases following the
addition of Pi.

These results are in agreement with previously reported
findings showing that destabilized mutants of Sso AcP form
the early nativelike oligomers and undergo the further conver-
sion into amyloid protofibrils more rapidly than the wild-type
protein.40 Although in the initial oligomers the individual protein
molecules have maintained a nativelike topology and enzymatic
activity, far-UV CD and FTIR indicate that the protein has
undergone a small but significant structural change after the
transition.25 Such an aggregation event is therefore promoted
by structural fluctuations, but not unfolding, that are facilitated
by destabilizing mutations, but are certainly disfavored by the

Figure 4. (a) Self-assembly of native, monomeric Sso AcP into
nativelike oligomers followed by far-UV CD at 208 nm. The four traces
refer to wild-type Sso AcP with and without Pi, R30A Sso AcP with
Pi, and N48A Sso AcP with Pi, as indicated in the graph. The solid
lines through the traces represent the best fits to eq 2. The resulting
rate constant is calledk1

CD. Experimental conditions were 20% (v/v)
TFE, 50 mM acetate, pH 5.5, 25°C. (b) Dependence ofk1

CD, obtained
for wild-type Sso AcP, on Pi concentration. Experimental conditions
were as in panel a.

Figure 5. Conversion of nativelike oligomers of Sso AcP into amyloid
protofibrils followed by ThT fluorescence. The traces refer to wild-
type Sso AcP without (O) and with (b) 1 mM Pi, R30A Sso AcP with
1 mM Pi (9), and N45A Sso AcP with 1 mM Pi (2). The solid lines
through the data points represent the best fits to exponential functions
(eq 1). Experimental conditions were as in Figure 4a.
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“freezing” of the native structure in the protein-ligand complex.
The rate of the second phase of aggregation also increases with
destabilzing mutations and decreases following the addition of
the ligand. In this case a substantial and global structural
conversion has to occur from the nativelike molecules into an
amyloid protofibrillar state in which there is apparently no
detectable sign of nativelike structural elements.

4. Conclusions

Addition of a ligand binding specifically to the native structure
of a protein inhibits aggregation into amyloid structures when
partial unfolding or disruption of the quaternary structure is
required to initiate aggregation.14,16,18,19Here we have shown
that ligands also inhibit amyloid formation when the process
does not require unfolding as an initial step but assembly into
nativelike structures that later convert into amyloid structures.
This indicates that the structure-based design of ligands binding
with high affinity to the native soluble state of an amyloidogenic
protein, either to the active site, allosteric site, or any other cavity
that may act as a binding pocket as elegantly shown,18 can be
a valid, generic therapeutic strategy to inhibit amyloid formation
in pathological states, at least for those associated with proteins
adopting globular folded conformations in their native states.
This therapeutic approach can be effective not just because it
is independent of the aggregation pathway but also because it
interferes with the thermodynamics and kinetics of the very early
steps of the aggregation process, therefore resulting in the
inhibition of any early oligomeric species, including nativelike
oligomers, that are increasingly thought to be pathogenic species
in many protein deposition diseases.

5. Materials and Methods

5.1. Materials, Protein Purification, and Site-Directed Mu-
tagenesis.ThT, TFE, dithiothreitol (DTT), and urea were purchased
from Sigma-Aldrich. Benzoyl phosphate was synthesized and
purified as described.41 The genes of AcPDro2 and Sso AcP were
cloned in pGEX-4T1 and pGEX-2T plasmids, respectively (Am-
ersham Biosciences, Uppsala, Sweden), and expressed in DH5R

E. coli cells as proteins fused to glutathione-S-transferase (GST).
The resulting proteins were purified and separated from GST
according to the plasmid manufacturer. AcPDro2 was stored in 50
mM acetate buffer, 2 mM DTT, pH 5.5. Sso AcP was stored in 10
mM Tris-HCl, pH 8.0. Protein concentration was determined
spectrophotometrically usingε280 values of 1.09 and 1.24 mL mg-1

cm-1 for AcPDro2 and Sso AcP, respectively. Before starting each
experiment, each protein solution was centrifuged at 18 000 rpm
for 3-5 min and filtered using 0.02µm Anotop 10 filters (Whatman
International Ltd, Maidstone, UK). The mutated genes of AcPDro2
and Sso AcP were created using the QuickChange site-directed
mutagenesis kit from Stratagene (La Jolla, CA). The presence of
the desired mutation was assessed by sequencing the entire gene.
All mutational variants were expressed inE. coli XL-1 Blue cells
and purified similarly to the corresponding wild-type proteins.

5.2. Enzymatic Activity. Enzymatic activity was tested using a
final protein concentration of 0.5µg mL-1 and 4 mM benzoyl
phosphate as a substrate, as described.42 Other experimental
conditions were 50 mM acetate buffer, 2 mM DTT, pH 5.5, 25°C.
A Perkin-Elmer λ 4 B UV-vis spectrophotometer was used
(Wellesley, MA). The noncatalyzed spontaneous hydrolysis of
benzoyl phosphate was subtracted from all measurements.

5.3. ThT Assay. AcPDro2 and Sso AcP were incubated at
concentrations of 0.4 mg mL-1 in 50 mM acetate buffer, 2 mM
DTT, pH 5.5, 25°C, containing Pi at a concentration ranging from
0 to 10 mM and TFE [10 and 20% (v/v) TFE for AcPDro2 and
Sso AcP, respectively]. At regular times 60-µL aliquots of each
sample were added to 440µL of a solution containing 25µM ThT,
25 mM phosphate buffer, pH 6.0, immediately before collecting
the ThT fluorescence value. The steady-state fluorescence values
of the resulting samples were measured at 25°C using a 2× 10
mm path length quartz cuvette and a Perkin-Elmer LS 55 spec-
trofluorimeter (Wellesley, MA) equipped with a thermostated cell
holder attached to a Haake F8 water bath (Karlsruhe, Germany).
The excitation and emission wavelengths were 440 and 485 nm,
respectively.4 All measured fluorescence values are given after
subtracting the fluorescence measured in the absence of protein
and normalized so that the final fluorescence at the endpoint of
the kinetic trace was 100%. ThT fluorescence was plotted versus
time and fitted to

whereF(t) is the ThT fluorescence at timet, Feq is the maximum
ThT fluorescence obtained at the end of the observed exponential
phase,A is the amplitude of the fluorescence change, andkobs is
the apparent rate constant.

5.4. Far-UV Circular Dichroism. The aggregation process of
Sso AcP was started by incubating the protein, at a concentration
of 0.4 mg mL-1, in 20% (v/v) TFE, 50 mM acetate buffer, pH 5.5,
25 °C, in the presence of 0-10 mM Pi. The ellipticity at 208 nm
was followed at 25°C using a 1 mmpath length quartz cuvette
and a Jasco J-810 spectropolarimeter (Tokyo, Japan) equipped with
a thermostated cell holder attached to a Thermo Haake C25P water
bath (Karlsruhe, Germany). For each kinetic trace, the ellipticity
values were blank-subtracted, normalized to the mean residue
ellipticity ([θ]208), plotted versus time, and fitted to

where [θ]208(t) is the mean residue ellipticity at 208 nm at timet,
[θ]208(eq) is the value obtained at the end of the observed
exponential phase,A is the amplitude of the [θ]208 change,kobs is
the apparent rate constant,a andb are the coefficients of the slower
kinetic phase that on this relatively short time scale can be
approximated to a straight line.

5.5. Equilibrium Unfolding. Unfolding of AcPDro2 was studied
at equilibrium in the presence of different concentrations of Pi,
ranging from 0 to 10 mM. For each Pi concentration, 25-30
samples were prepared containing 0.02 mg mL-1 protein in 50 mM
acetate buffer, 2 mM DTT, pH 5.5, and various urea concentrations

Figure 6. The effect of Pi on the aggregation process of Sso AcP. Pi

binds to the monomeric native conformation N and the early oligomers
in which the protein molecules retain a nativelike conformation, (N)n.
Their absolute free energies decrease upon binding (dashed lines). The
unfolded state U and the amyloid-like protofibrils PF do not bind to Pi

and their free energies remain unaffected in the presence of the ligand.
Pi may also bind to one or all the transition states reported in the scheme,
but with lower affinity, as their energies are found to decrease to a
small extent, if at all. As a result of these effects, Pi slows down the
formation of both (N)n and PF.

F(t) ) Feq + A exp(-kobst) (1)

[θ]208(t) ) [θ]208(eq)+ A exp(-kobst) + a + bt (2)
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ranging from 0.1 to 8 M. The samples were left to equilibrate for
a few minutes at 25°C. Far-UV CD spectra were acquired at 25
°C using the apparatus described in the previous paragraph and
processed using the adaptive smoothing method.43 The ellipticity
at 222 nm was plotted versus urea concentration and the resulting
plot was fitted to the equation previoulsy described.38
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