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We have performed an extensive mutational analysis of aggregation and
disaggregation of amyloid-like protofibrils of human muscle acylphos-
phatase. Our findings indicate that the regions that promote aggregation in
25% (v/v) 2,2,2 trifluoroethanol (TFE) are different from those that promote
disaggregation under milder conditions (5% TFE). Significant changes in the
rate of disaggregation of protofibrils in 5% TFE result not only from
mutations situated in the regions of the sequence that play a key role in the
mechanism of aggregation in 25% TFE, but also from mutations located in
other regions. In order to rationalise these results, we have used a modified
version of the Zyggregator aggregation propensity prediction algorithm to
take into account structural rearrangements of the protofibrils that may be
induced by changes in solution conditions. Our results suggest that a wider
range of residues contributes to the stability of the aggregates in addition to
those that play an important kinetic role in the aggregation process. The
mutational approach described here is capable of providing residue-specific
information on the structure and dynamics of amyloid protofibrils under
conditions close to physiological and should be widely applicable to other
systems.
© 2008 Elsevier Ltd. All rights reserved.
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Introduction

Research on protein misfolding and aggregation is
becoming progressively more intense, largely be-
cause of its impact on our understanding at a mole-
cular level of the causes of widespread and highly
debilitating neurodegenerative human pathologies
such as Alzheimer's and Parkinson's diseases.1–3

Protein aggregates associated with such diseases,
known as amyloid fibrils when they deposit in the
extracellular space or inclusion bodies when they
accumulate intracellularly, are often fibrillar in
morphology and have a cross-β structure in which
β-strands are oriented perpendicular to the fibril
axis.4–6 It has been found, however, that formation
of these fibrils is not a feature limited to a few
ess:

fluoroethanol; AcP,
wt, wild type.

lsevier Ltd. All rights reserve
proteins or peptides associated with disease, but is a
common characteristic of polypeptide chains, as an
increasing number of peptides and proteins unre-
lated to any pathological condition have been found
to form similar structures in vitro when appropriate
conditions are chosen.6,7 The study of the mechan-
isms of amyloid formation therefore provides
fundamental information about the nature and
evolution of functional states of proteins.8

Mutational studies have proved to be extremely
valuable for the characterisation of amyloid fibrils
and the process of their formation. Structural
information concerning fibrils formed from the
Aβ peptide, α-synuclein and tau has been deter-
mined with the use of scanning cysteine or proline
mutagenesis and labelling the cysteine residues
with spin probes or other agents.9–13 More recently,
scanning alanine mutagenesis has been employed
to validate the structural model of the amyloid
protofilament formed by the second WW domain of
CA150 obtained through solid-state NMR spectros-
copy.14 Such success indicates that mutational
d.
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studies have the potential to provide residue-
specific structural information on the process of
amyloid formation, even for relatively large pro-
teins. In order to explore the possibility of using
such information to provide further insight into the
mechanism of fibril formation and the origin of
fibril stability, in the present study we have
extended this type of approach by investigating
the effect of single amino acid substitutions on the
rates of disaggregation of amyloid structures of
human muscle acylphosphatase (AcP), a protein
not associated with any known disease, but which
has been shown to form amyloid-like fibrils in vitro
under destabilising conditions, e.g., in the presence
of 25% (v/v) 2,2,2 trifluoroethanol (TFE).15
The aggregation of this protein has already been

studied in detail by a wide variety of methods
including extensivemutational analysis.16–21 In addi-
tion to such studies, we have recently demonstrated
that the aggregation process is reversible to an extent
that depends on the time that aggregation has been
allowed to occur and on the size of the aggregates
that are formed.22 In particular, AcP forms well-
defined protofibrillar species in 25% (v/v) TFE solu-
tion prior to the formation of mature fibrils. We have
shown that when such species are transferred to a
solution containing just 5% (v/v) TFE, a concentra-
tion at which the native structure of AcP is more
stable than the unfolded state,23 the aggregates disas-
semble and the resulting monomeric protein can
subsequently refold to the native state.22 One of the
advantages of studying disaggregation is that this
process may occur under conditions close to physio-
logical, as opposed to those that favour protofibril
formation that involve harsher conditions such as the
presence of chemical denaturants.
In the present study, we have used a battery of 50

mutants that result in changes in hydrophobicity,
secondary-structure propensity and net charge. Our
data show that dramatic changes in the rate of dis-
Fig. 1. Schematic illustration of the aggregation and disa
induces the partial unfolding of nativeAcP and the subsequent c
amyloid aggregates. At a later stage (tagg

3 ), mature amyloid fibr
protein population rich in protofibrils (tagg

1 =70min forwild-typ
5% (v/v) TFE. Under these conditions, the aggregates of wild-ty
constants (kdis) and the resulting monomeric protein can subse
aggregation of preformed protofibrils result from
mutations situated in the aggregation-promoting
regions in 25% TFE17 as well as additional regions
that do not play an important kinetic role in the
aggregation process. These results suggest the con-
tribution of awider rangeof residues to the stability of
the protofibrils.

Results and Discussion

Mutational studies of protein aggregation
and disaggregation

It is increasingly clear that the small aggregates
formed prior to well-defined amyloid fibrils are the
primary species giving rise to cellular toxicity.3 The
conditions used in this study were therefore chosen
to probe the character of amyloid-like protofibrils
rather than mature fibrils. In 25% (v/v) TFE, AcP
converts from an ensemble of partially unfolded
conformations into protofibrillar aggregates that
contain a significant amount of β-sheet structure
and bind to thioflavin T (ThT); this process shows
apparent single-exponential kinetics when moni-
tored with ThT fluorescence.17 All the substantial
conformational rearrangements at a molecular level
are achieved after incubating wild-type (wt) AcP in
25% (v/v) TFE for 70 min at a concentration of
0.4 mg/ml in 25% (v/v) TFE, 50 mM sodium acetate,
pH 5.5, 25 °C.22 When the wt protein was incubated
for longer than 70 min, only changes in the degree of
assembly of the aggregates were observed.
In this work, the mutants were incubated in 25%

TFE for times proportional to 70 min (tagg
1 of Fig. 1)

to obtain protofibrillar species structurally similar to
those formed by wt AcP. The appropriate time of
aggregation of each mutant was calculated from
its aggregation rate constant and the relative ThT
fluorescence intensity of wt AcP after 70 min
ggregation processes of AcP. Addition of 25% (v/v) TFE
onversion (with characteristic times tagg

1 and tagg
2 ) into early

ils develop. After incubation times long enough to obtain a
e AcP), the samples are transferred to a solution containing
pe AcP and its variants disassemblewithwell-defined rate
quently refold to the native state.



Fig. 2. Disaggregation kinetics followed by ThT (a) and
intrinsic fluorescence intensity (b). Wild-type AcP and its
variants were incubated at a concentration of 0.4 mg/ml in
25% (v/v) TFE. After incubation of each mutant for an
equivalent time (see the text), samples were diluted five-
fold to a final concentration of 0.08 mg/ml in 5% (v/v)
TFE. Wild-type, black; K44E, blue; E29R, red; F94L, pur-
ple. The continuous lines represent the single-exponential
functions that best fit the data. (c) Number of AcP variants
against the decrease in ThT fluorescence intensity follow-
ing 4 h of disaggregation. Only mutants with values fall-
ing within two standard deviations from the mean were
considered to undergo the process of disaggregation from
the same type of early aggregates and hence with the same
mechanism (n=51, mean=57.2%, SD=18.0%).
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incubation in 25%TFE (seeMaterials andMethods for
details). A possible approach to comparing the
residues involved in the kinetics of formation and
disassembly of the protofibrils would have been to
promote aggregation of the various mutants in 25%
TFE and then induce disaggregation by reducing then
protein concentration while keeping the concentra-
tion of TFE at 25%. Nevertheless, we could not
observe any significant disaggregation taking place in
25% TFE, even after a 50-fold dilution of the pre-
aggregated protein sample.We could not decrease the
protein concentration further because of the limit of
resolution when intrinsic fluorescence or ThT was
used as a probe to monitor disaggregation. A rela-
tively fast disassembly ofAcPprotofibrils followedby
refolding to the native state can, however, be observed
when the concentration of TFE is reduced to 5%.22

Each solution containing the protofibrils of wt or
mutant AcP was therefore diluted fivefold to give a
final protein concentration of 0.08 mg/ml in 5% TFE
and 50 mM sodium acetate, pH 5.5, at 25 °C.
Disaggregation was studied by monitoring changes
in the intensities of both ThT and intrinsic fluores-
cence, as described previously for the wild-type
protein22 (Fig. 2a and b). The kinetic traces were
highly reproducible (Fig. S1), and the disaggregation
rate constants determined from the two methods
were similar, although the rate constants obtained
from changes in intrinsic fluorescence intensity were
systematically slightly higher (∼10%). Under the
disaggregation conditions used here, the samples
contain predominantly small aggregated species
with a similar structural organization and a single-
exponential function can describe well the data. The
mean of the rate constants obtained with the use of
ThTand intrinsic fluorescencewas taken as the value
of the disaggregation rate constant for each mutant.
As the fraction of aggregated material that dis-
aggregated within the time scale of the experiment
was found to vary, only those protein variants for
which at least 20%disassemblywas observed during
the time scale used here were included in the kinetic
analysis (Fig. 2c).

Regions governing the disaggregation of
protofibrils

We investigated first the effects of 31 single point
mutations involving changes in hydrophobicity and
secondary-structure propensity but not charge. The
mutations were located at various positions along
the sequence of AcP andwere the same as those used
to determine the effect of amino acid substitutions on
the rate of aggregation of AcP.17 As shown in Fig. 3a,
disaggregation rates significantly different from that
of the wt protein were found for 12 out of 15mutants
bearing a single amino acid replacement in the re-
gion 7–49 (V9A, Y11F, V17A, V20A, F22L, Y25A,
A30G, G34A, V36A, V39A, T42A, V47A) and for four
mutants out of six in the region 84–98 (I86V, S87T,
Y91Q, Y98Q). By contrast, six out of eight mutants
involving the regions 1– 6 and 50–83 appeared to
disaggregate, within experimental error, at a rate com-
parable to that of the wt protein [ln(vmut/vwt)
dis ∼0].

The experimental measurements reported here show
therefore that mutations within regions 7–49 and
84–98 generally change the disaggregation rate
significantly, indicating that these regions are likely
to be structured within the aggregates in 5% TFE. By
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contrast, mutations within the regions 1–6 and 50–83
do not have significant effects on disaggregation and
are therefore likely to be poorly structured in the
protofibrillar aggregates.
Two mutants, E29D and F94L, did not show any

decrease in ThT fluorescence intensity or increase in
intrinsic fluorescence intensity during the experi-
ments, indicating that no significant disaggregation
took place on the time scale monitored here (Fig. 2a
and b). We suggest that these mutations could
shorten the time (tagg

2 of Fig. 1) required for the
conversion from the initially formed amyloid fibril
precursors into larger assemblies, as the latter
aggregates have previously been shown to be highly
resistant to disaggregation.22 Alternatively, these
mutations could also contribute to the stabilization
of the early aggregates by promoting a particularly
favourable packing of the residues. At present our
data are, however, not conclusive enough to dis-
criminate between these two hypotheses.
Identification of the major factors that influence

the process of aggregation, such as hydrophobicity,
secondary-structure propensity, net charge24 and
regions of alternating hydrophobic and hydrophilic
residues,25 has led to the development of algorithms
able to predict the regions of the sequence of a given
protein that are likely to have a high intrinsic
aggregation propensity.26–30 The calculation of the
aggregation propensity profile of a protein in the
presence of TFE should take into account the fact that
the intrinsic propensities for secondary-structure
formation and the hydrophobicity scale are very
significantly altered by the presence of TFE. In
this study, we have therefore developed a specific
version of the previously published Zyggregator
algorithm26,31 in order to obtain the aggregation
propensity profile of AcP in the presence of TFE (see
Materials and Methods).
The aggregation propensity profile calculated for

AcP using the new version of the algorithm, which
considers for the computation the protein as
unstructured and in 5% TFE, features five major
peaks at positions 8–12, 21–25, 35–37, 45–50 and
88–98 (Fig. 3b). These peaks, which would corre-
spond to regions of the sequence promoting
aggregation and forming the β-sheet structure in
the resulting aggregates,26 are all located within the
regions encompassing residues 7–49 and 84–98 that
appear to be structured from the mutational
analysis presented here (Fig. 3a and b). Moreover,
no peaks are apparent at the N-terminus (residues
1–6) and in the large central region (residues 50–83),
in agreement with the lack of mutational effects in
these regions (Fig. 3a and b).
Taken together, these data show that the regions of

the sequence that affect the disaggregation rate upon
Fig. 3. (a) Changes in disaggregation rate upon muta-
tion [ln(vmut/vwt)

dis]. The mutants studied here are S5T,
V9A, Y11F, V13A, V17A, V20A, F22L, Y25A, A30G, I33V,
G34A, V36A, V39A, T42A, G45A, V47A, V51A, M61A,
W64F, L65V, P71A, I75V, T78S, I86V, S87T, L89A,Y91Q, S92T
and Y98Q. vmut

dis and vwt
dis are the mean values of the results

obtained from ThT and intrinsic fluorescence experiments.
F94L and E29D did not disassemble within the time used
for the experiments and are reported as black bars. Shaded
areas indicate regions in which mutations have a signi-
ficant impact on the disaggregation rates. Error bars, SD.
(b) Aggregation propensity profile of unstructured wild-
type AcP in 5% TFE, predicted using the modified version
of the Zyggregator algorithm.26,31 Regions with Zagg va-
lues higher than 1 (i.e., with aggregation propensities
greater than expected for a random sequence of amino
acids) are considered as significantly aggregation prone
and shown as shaded areas. (c) Changes in aggregation
rate upon mutation [ln(vmut/vwt)

agg]. Shaded areas indi-
cate the region where these changes are significant. The
data are those reported in and taken with permission from
Ref. 17. (d) Aggregation propensity profile of unstructured
wild-typeAcP in 25%TFE; shaded areas indicate regions of
high aggregation propensity Zagg N1. (e) Shaded areas
correspond to regions of partially folded AcP sensitive to
proteolysis as described in Ref. 19.
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mutation mostly overlap with those with a high
predicted intrinsic aggregation propensity in 5%TFE.

Regions governing the aggregation into
protofibrils

Fig. 3c shows the results of a previous study that
examined the effect of the 31 mutations explored
here on the rate of aggregation of AcP in 25% TFE.17

That study led to the identification of two specific
regions that are more sensitive to mutation than the
rest of the sequence, namely, residues 16–31 and 87–
98 (Fig. 3c). In the aggregation propensity profile of
AcP, calculated in the presence of 25% TFE, the
regions spanning residues 11–14, 22–27 and 88–98
were predicted to have a strong tendency to aggre-
gate (Fig. 3d). Two of these three peaks correspond,
to a good approximation, to the regions 16–31 and
87–98 that were found to promote aggregation from
the mutational study (Fig. 3c and d). However, from
experiments the region 11–14 did not appear to be so
relevant (Fig. 3c and d,).
The region spanning residues 7–14, similarly to the

region encompassing residues 42–53, has been
shown to be highly structured in the transition
state of AcP.32 Despite having a high intrinsic pro-
pensity to aggregate, residues 11–14 are not involved
in the rate-determining steps of the aggregation
process, probably because they are located in struc-
tured regions of the partially unfolded state before
aggregation.17 This hypothesis is supported by limit-
ed proteolysis experiments on the partially unfolded
state of AcP populated under aggregation conditions
in 25% TFE, which show that residues 9–14 are
substantially more resistant to proteases, and there-
fore less solvent-exposed and less flexible, than
residues 16–31 and 87–98 (Fig. 3e).19

In conclusion, the analysis shows that the regions
of the sequence that promote aggregation in 25%
TFE need to fulfil two requirements: to have a
sufficiently high propensity to aggregate and to be
sufficiently solvent-exposed and flexible to allow
intermolecular interactions to occur. Such regions
are limited to residues 16–31 and 87–98 in AcP.

Structural reorganisation of the AcP protofibrils
preceding or following a change in solution
conditions

The regions of AcP that promote aggregation in
25% TFE correspond in large part to those residues
(16–31 and 87–98) that, in addition to having a high
predicted aggregation propensity, are significantly
exposed to solvent and flexible in the partially un-
folded ensemble present prior to aggregation. Here,
we have shown that the regions that play a key role
in the disaggregation of AcP protofibrils in 5% TFE
are more extended than those promoting aggrega-
tion in 25% TFE and include additional residues,
such as those at positions 8–14, 35–38 and 45–50.
Note that these regions have a high predicted
intrinsic aggregation propensity in 5% TFE. These
findings are summarised schematically in Fig. 4.
Two scenarios can account for the observations
emerging from the comparative analysis between
aggregation and disaggregation. In the first scenario,
the formation of AcP protofibrils in 25% TFE might
consist of two steps in which formation of the first
intermolecular contacts is followed by a second
phase in which other portions of the sequence are
recruited into the developing β-structure. Other agg-
regation propensity algorithms, such as TANGO27

and PASTA,29 predict the region corresponding to
residues 30–43 as the most likely, in the absence of
TFE, to stabilize the cross-β core of amyloid aggre-
gates (Fig. S2). The high aggregation propensity of
the region 34–53, corresponding to a β-hairpin in the
native state, was previously confirmed by the high
insolubility of the corresponding peptide.17 Residues
32–49 of full-length AcP are nevertheless resistant to
proteolysis in 25% TFE and do not contribute to the
aggregation kinetics (Fig. 3d and e).
In this scenario, regions of high aggregation pro-

pensity that are at least partially buried within the
core of the partially folded monomeric species
present prior to aggregation will not be involved
in the initiation of this process (rate-determining
steps). These regions, by contrast, may be included
subsequently in the core of the fully formed amyloid
protofibrils and therefore play an important role in
the stability of the resulting protofibrils and in the
process of their disaggregation. This conclusion is
also in agreement with the observation from far-UV
circular dichroism and Fourier transform infrared
spectroscopy that the protofibrillar aggregates of
AcP in 25% TFE have extensive β-sheet content,15

involving a fraction of the sequence significantly
larger than that resulting only from regions initiat-
ing aggregation (16–31 and 87–98).
In the second hypothesis, our predictive algorithm

suggests that a more extended portion of the AcP
polypeptide chain is involved in the protofibrillar
aggregates in 5% TFE relative to that participating
initially in the aggregation process in 25% TFE. The
conformational rearrangement of the protofibrils
would occur after the samples are placed in 5% TFE
and prior to, or concomitantwith, the disaggregation
process. Since protofibrillar aggregates are likely to
be rather dynamic species, it may be possible that the
structure of these species is rapidly remodelled
following the change in solution conditions.
According to this scenario, only regions 16–31 and

87–98 participate in the aggregation process in 25%
TFE as a result of their sufficiently high aggregation
propensity and flexibility under these conditions.
Following the transfer of the protofibrils from 25%
TFE to 5% TFE, the aggregation propensity profile of
AcP changes, with new regions of the sequence
becoming aggregation-prone (compare Fig. 3b and
d). As a consequence, the protofibrils undergo a
structural reorganisation that allows additional
regions of the sequence to become structured in the
aggregates. Interestingly, disassembly of the proto-
fibrilsmonitored by ThTor intrinsic fluorescence and
refolding of native AcP have comparable kinetics.22

If any structural change in the protofibrils occurs in



Fig. 4. Regions of the sequence that appear to promote aggregation of the partially folded ensemble (blue) or
disaggregation of amyloid protofibrils (orange), as mutations within such regions significantly alter the aggregation17 and
disaggregation rates of AcP, respectively. Regions predicted to have a high aggregation propensity assuming that the
unstructured protein is in 25% (green) or 5% (red) TFE.26,31 Regions that are flexible and/or solvent-exposed in the partially
folded ensemble, as probed by limited proteolysis (purple).19 The lighter colors in some figures indicate the specific sites of
mutation or proteolysis. The structure of native AcP is shown in all representations to simplify the comparisons.
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the presence of 5% TFE, this is very fast and takes
place within the dead time of these measurements.
Finally, an intermediate scenario between the two

presented here cannot be excluded. Our results of
disaggregation may result from two sequential
events in which stabilisation of the protofibrils
occurring in 25% TFE is followed by their structural
reorganisation in 5% TFE.

Factors governing the stability of the protofibrils

There is a complex relationship between changes
in disaggregation rate caused by the various muta-
tions and changes in physicochemical parameters
such as hydrophobicity and secondary structure
propensity, which are linked much more directly to
the aggregation kinetics. Although recent experimen-
tal studies with the Aβ1–40 peptide33 and computer
simulations for heptapeptides34 have indicated the
significance of these factors in disaggregation, their
effect is likely to be complicated by the conforma-
tional rearrangements, including the specific packing
of side chains, that follow the initial aggregation step
for a protein as large as AcP. Similarly to the situation
that has been observed for protein folding and
unfolding, aggregation and disaggregation of pro-
teins can be governed by different factors.
In order to probe this issue further, the disaggrega-

tion rates of the 19mutants causing changes in the net
charge of AcP were analysed in detail. The mutants
examined (S8H, S21R, R23Q, E29K, E29Q, E29R,
S43E, S43E/K44S, S43E/K44S/R77E, K44E, K44E/
R77E, Q52E, Q52E/K57Q, K88N, K88Q, E90H, S92H,
R97E, R97Q) are the same as those used in previous
studies on the effect of charge on the aggregation
rate,18,35 and all the amino acid substitutions were
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chosen to minimise changes in hydrophobicity and
secondary-structure propensity.18,35 A strong corre-
lation has been found between the rate constants for
disaggregation and the net charge of the mutant
proteins in the experiments monitored both by ThT
(R=0.73, pb0.001, slope=0.64) and by intrinsic
fluorescence (R=0.61, pb0.01, slope=0.29). The
correlation increases even more in statistical signifi-
cance when the mean of the rate constants from the
two methods is considered (R=0.82, pb0.0001,
slope=0.61) (Fig. 5a).
This high level of correlation can be rationalised in

terms of electrostatic repulsion between molecules
that promotes a higher rate of disaggregation. If
mutations increase the net charge, disaggregation is
faster, whereas if mutations decrease the net charge,
disaggregation is slower. The contribution of solva-
tion to this correlation appears to be negligible. The
effects of mutations such as E29K or R97E on the
Fig. 5. Logarithm of disaggregation (a) and aggrega-
tion (b) rate constants plotted against net charge. The net
charge of wt AcP is +5 under the pH studied here, while
that of the mutants (S8H, S21R, R23Q, E29K, E29Q, E29R,
S43E, S43E/K44S, S43E/K44S/R77E, K44E, K44E/R77E,
Q52E, Q52E/K57Q, K88N, K88Q, E90H, S92H, R97E,
R97Q) ranges from +1 to +7. Each kdis value in (a) is the
mean of the results obtained from ThT and intrinsic
fluorescence experiments. Data in (b) are from ThT fluores-
cence experiments only and are reported in previous
publications.18,35
disaggregation rate should not be attributed to
changes in free energy of solvation, because the
solvation would be essentially unchanged when a
charged residue is replaced by another of opposite
charge. According to the solvation hypothesis, the
two mutations would have small or similar effects
on the disaggregation process. By contrast, we
observed that E29K and R97E increase and decrease
the disaggregation rate, respectively.
As observed for the aggregation process,18,35 the

effect of changes in the protein net charge on the
disaggregation rate appears to be independent of the
region in which the amino acid substitution is
located, at least for the specific mutations of AcP
tested here, which do not involve gatekeeper
residues.31 In addition, plots of the effects of changes
in net charge on disaggregation (Fig. 5a) and
aggregation (Fig. 5b) rates, both obtained by ThT
assays, show opposite slopes with very similar
absolute values (0.64 and −0.55), indicating that
changes in the electrostatic interactions have similar
effects on aggregation and disaggregation. There-
fore, the inverse proportionality between net charge
and rate constant found for aggregation is effec-
tively converted into a relationship of direct
proportionality for disaggregation, as predicted by
Tartaglia et al.34 The conclusion that the overall
stability of an aggregate is influenced by electro-
static interactions is also supported by previous
findings that showed that neutralization of the net
charge by binding of oppositely charged species
(polyelectrolytes such as heparin) can increase the
stability of the aggregates.36,37
Conclusions

We have shown that the analysis of the effects of
mutations on the aggregation and disaggregation
rates provides evidence for identifying the regions
that contribute to the thermodynamic stability ofAcP
protofibrils in addition to those promoting aggrega-
tion. The methodology presented here, based on the
study of the effects of conservative mutations on the
rates of disruption of protein aggregates, is in
principle applicable to other proteins independently
of their size and initial structure. It could also be used
to study different types of aggregates, such as
amyloid fibrils or protofibrils. Application of this
approach to investigate other systems will lead to an
increasingly accurate understanding of the factors
involved in the mechanism of formation of amyloid
aggregates and of the way in which the forces that
promote aggregation of a protein into amyloid
aggregates may compete with those that induce
their disassembly.
Formation and disruption of protein oligomers

represent important features that determine their
stability. Consequently, living organisms have
evolved two ways of fighting against uncontrolled
protein aggregation—by prevention of their forma-
tion (e.g., through the action ofmolecular chaperones
such as Hsp70)38 or by their direct disassembly
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(e.g., by exploting the effects of other molecular
chaperones such as Hsp104).39 Elucidation of the
factors that determine disaggregation may represent
an additional approach to develop therapeutic
strategies for the treatment of diseases related to
protein misfolding.

Materials and Methods

Protein production and purification

Expression and purification of wild-type AcP and its
variants were carried out according to the procedures
describedpreviously.40 AQuikChange Stratagene (La Jolla,
CA) kit was used for site-specific mutagenesis, and DNA
sequencing was used to ensure the presence of the desired
mutations. The cysteine residue at position 21was replaced
by serine in order to avoid complexities arising from the
presence of a free thiol group; as in previous studies, the
resulting mutant C21S is described here as the wild-type
protein.41 Similarly, all variants have the C21S substitution.
Protein concentrations were measured by UV absorption
using an ɛ280 value of 1.49 ml mg−1 cm−1. For mutants in
which a tyrosine or a tryptophan residue was replaced, ɛ280

values of 1.43 and 1.00 were used, respectively.

Disaggregation kinetics

Aggregation of each AcP variant was initiated by incu-
bation of the protein at a concentration of 0.4 mg/ml in
25% (v/v) TFE and 50mMsodiumacetate buffer, pH 5.5, at
25 °C. An incubation time of 70 min was chosen for
wild-type AcP because its conversion from the partially
unfolded ensemble to protofibrillar aggregates is essen-
tially complete within this time period17 and no significant
structural or size differences in the species present
in solution are observable between 60 and 90 min.22 The
time of incubation for each mutant was calculated as
tmut= twtkagg

wt /kagg
mut, where kagg is the apparent rate constant

of aggregation and twt is 70 min. The proteins were then
diluted fivefold with 50mM sodium acetate buffer, pH 5.5,
to 0.08 mg/ml protein, 5% (v/v) TFE.

ThT assay

Aliquots (300 μl) of each sample were withdrawn at
regular time intervals and mixed with 200 μl of 50 mM
acetate buffer, pH 5.5, 25 °C, containing 110 μM ThT. A
Varian Cary Eclipse spectrofluorimeter (Palo Alto, CA)
with excitation and emission wavelengths of 440 and
485 nm, respectively, was used to determine ThT fluores-
cence values. Single-exponential functions were fitted to
the kinetic plots reporting the measured ThT fluorescence
versus time in order to determine the apparent disaggrega-
tion rate constants.

Intrinsic fluorescence

AVarian Cary Eclipse spectrofluorimeter with excitation
and emission wavelengths of 280 and 344 nm, respectively,
was used to record the fluorescence values of the trypto-
phan residues during disaggregation. Single-exponential
functions were fitted to the plots of the measured intrinsic
fluorescence versus time in order to determine the dis-
aggregation rate constants. The time course was repeated
twice for each protein variant, and the mean of the two rate
constants obtained was used for subsequent analysis.

Fitting procedure

For each technique used, the fitting procedure was
carried out using the general equation:

yðtÞ ¼
Xn

i¼1

Ai exp �kitð Þ þ q

where y(t) is the signal (ThT fluorescence or intrinsic
fluorescence) recorded as a function of time; Ai and ki are
the amplitude and the rate constant of the ith phase,
respectively; q is the fluorescence intensity value at
equilibrium; n is the number of observed phases; k values
provide a quantitative measure of the rates of aggregation
(vagg) or disaggregation (vdis) of the mutants.
Two-tailed p values were calculated from the linear

correlation coefficient parameter r and the sample size n,
and the error bars in the figures represent the standard
deviations such that there is a 95% level of confidence that
the real values fall within them.

Predictions of aggregation propensities

An algorithmwas developed here to calculate the aggre-
gation propensities (Zagg) of amino acid sequences in the
presence of TFE. This algorithm is based on the Zyggre-
gator method†, which we previously introduced to predict
the intrinsic aggregation propensities of amino acid
sequences by considering the physicochemical properties
of amino acids.26,31 Since the presence of TFE profoundly
affects the propensities for secondary-structure formation
and the hydrophobicity scale, we refitted the coefficient of
the Zyggregator algorithm by using the aggregation rates
of TI I27 and several of itsmutational variants42 (C.Wright,
unpublished results) measured in the presence of TFE.
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