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ABSTRACT: Understanding the process of amyloidogenesis is important for the future treatment of misfolding-
based diseases, such as Alzheimer’s, spongiform encephalopathies, and other important disorders affecting
humans. In this work, we have used one of the best-characterized models for folding and misfolding, the activation
domain of human procarboxypeptidase A2 (ADA2h). The wild type (WT) and three mutants affecting the
kinetics of aggregation have been studied by IR from the folded state at acidic pD to fibril formation, showing the
disappearance of structured features prior to a dramatic increase in the magnitude of the amyloid-characteristic
band upon temperature induction. Transmission electron microscopy (TEM) shows that amyloid fibrils are
formed under the conditions used in this work. The kinetics of the process observed for WT is clearly affected by
the aggregation tendency and the stability of each mutant, although the final state is the same. Our conclusion is
that this domain is nucleated prior to the conformational reorganization rendering the final amyloid fibril, which
is ultimately reached in a manner independent of the aggregation tendency and the stability of each variant.

The process that a polypeptide chain undergoes to form
amyloid fibrils is of critical interest because of its involvement
in the conformational diseases termed amyloidoses. The occur-
rence of these highly ordered aggregates has been observed not
only in disease-related proteins but also in apparently nonpatho-
genic species, suggesting that they could represent a conforma-
tional state in all polypeptide chains (/). Recent investigations
have led to the hypothesis that protein aggregation is in direct
competition with protein folding, describing a double funnel for
the conformational landscape (2), where different sequence
stretches are governing each process (3). In short, intramolecular
contacts among residues would lead to the formation of the
native structure, whereas intermolecular contacts would produce
an aggregated structure, being ordered (amyloid fibrils) or not
(amorphous aggregates) (2).

Several studies have been centered on the modulation of
amyloid fibril propensity because of the polypeptide sequence (4,
5)leading to the creation of a predictive formula or programs that
can shed some light on the putative consequences of mutations in
proteins (4, 6, 7). Besides aggregation propensity, understanding
structure conversion produced in the amyloid formation process
is also necessary to complete the understanding of the entire
picture. Eisenberg et al. (8) proposed three general models
accounting for monomer structural reorganization in fibril
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formation. Whereas two of the conversion models (the refolding
and the natively disordered models) involve the reorganization of
the entire polypeptide chain, the gain-of-interaction model
proposes that only a small conformational change takes place,
with exposure of a previously hidden surface that will interact
with equivalent surfaces of other monomers.

Infrared spectroscopy (IR)' has been extensively used to
follow amyloid formation. Coupled with two-dimensional
correlation analysis (2D-COS) (9, 10), it allows for a more
detailed analysis of the secondary structure conversion from
the initial monomer to the amyloid fibril. In this approach, the
different spectra obtained upon application of an external
perturbation are correlated to increase resolution and to gain
better insight into the relationship between bands (//—13).

In this work, one- and two-dimensional infrared correlational
spectroscopy has been applied to the study of the formation of
amyloid fibrils from the native state of the activation domain of
human procarboxypeptidase A2 (ADA2h) and three mutants
with different aggregation propensities, using temperature as the
perturbing agent. ADA2h has been used as a model protein for
amyloid-like fibril formation at acidic pH (14, 15), since a
thorough understanding of its folding mechanism at neutral
pH has already been demonstrated (/6—22). Moreover, the
creation of a large battery of single-residue variants has provided
detailed information about the amyloid forming propensity
changes upon mutation and the relevance of sequence context
and residual structure in the overall process (5). The most

' Abbreviations: ADA2h, activation domain of human procarboxy-
peptidase A2; WT, wild-type; TEM, transmission electron microscopy;
FT-IR, Fourier transform infrared spectroscopy; 2D-COS, two-dimen-
sional correlation analysis; CD, circular dichroism; UV, ultraviolet.
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noticeable finding was a conformational reorganization of the
aggregation nucleus in the very early kinetics of amyloid fibril
formation by ADA2h from the denatured state.

The temperature-induced aggregation kinetics from the native
state at acidic pD for the wild-type (WT) variant, a slowly
aggregating mutant (123V), a rapidly aggregating mutant (N58A),
and a nonprone-to-aggregation mutant (F65A) (5) followed by
IR allows us to compare the conformational changes of the
different processes upon mutation. TEM and CD characteriza-
tion reinforce the obtained results.

MATERIALS AND METHODS

Materials. ADA2h variants were expressed in a BL21(DE3)
Escherichia coli strain using a modified pTZ18U vector (19).
Oligonucleotides were synthesized by Roche Molecular Bio-
chemicals. Slide-A-Lyzer 3500 MWCO Mini Dialysis Units were
purchased from Pierce. All other reagents were obtained from
Sigma-Aldrich.

Expression and Purification. Expression and purification of
all variants were conducted as previously described (), and the
obtained proteins were concentrated and adjusted to 5 mg/mL
(544 uM) in 50 mM sodium phosphate (pH 7). The variants are
~9.2 kDa and pl ~4.4. Sequence information can be obtained
from ref 5.

Infrared Analysis. The four variants were dialyzed overnight
against 25 mM glycine (pD 3.0) at 4 °C, using Slide-A-Lyzer 3500
MWCO mini Dialysis Units and D,0 as a solvent. The com-
pleteness of H — D exchange was monitored by the disappear-
ance of the amide II band (1545 cm™"). A sample of the WT
protein in 50 mM sodium phosphate (pD 7.0) was also analyzed.

The spectra were recorded in a Nicolet 5700 spectrometer
(Thermo, Madison, WI) using a Peltier mount and excavated
cells with a 50 um path (Biotools, Wacounda, IL). The spectra
were acquired using the Series software licensed under OMNIC
(Thermo). The sample at pD 3 was heated from 20 to 90 °C in
10 min and maintained afterward at 90 °C for 30 min. Typically,
305 spectra were averaged for each minute. The series obtained
was ratioed against a background, producing the absorbance
spectra with a nominal resolution of 2 cm ™. Data treatment and
band decomposition of the original amide have been described
previously (23). In short, the number and position of the
component bands are obtained by deconvolution and derivation.
Bandwidths are estimated from the derivatives. The bandshape is
set to 90% of a Gaussian curve. The fitting is obtained by
iteration in two steps: band positions are fixed in a first iteration
and free in the second. The mathematical solution to the
decomposition may not be unique, but if restrictions are imposed,
such as the maintenance of the initial band positions at an
interval of +1 cm™' and bandwidth preservation within the
expected limits of the agreement with theoretical boundaries or
predictions, the result becomes, in practice, unique.

To obtain the 2D-COS infrared maps, we used an incubation
time at 90 °C as the perturbation to induce spectral fluctuations
and to detect dynamic spectral variations of the secondary
structure of the four variants. The two-dimensional synchronous
and asynchronous spectra have been obtained previously with
other protein models (24). Correlations between bands are found
through the so-called synchronous and asynchronous spectra
that, respectively, correspond to the real and imaginary parts of
the cross correlation of spectral intensities at two wavenumbers.
In a synchronous 2D map, the peaks located in the diagonal
(autopeaks) correspond to changes in intensity induced by the
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external perturbation and are always positive. When a cross-
correlation peak is positive, it indicates that both bands involved
undergo either an increase or a decrease; on the other hand, a
negative cross-correlation peak reflects the fact that one of the
two bands is increasing in intensity while the other is decreasing.

Transmission Electron Microscopy. One hundred micro-
liters of each variant was dialyzed overnight against 25 mM
glycine (pD 3) and heated in the same manner as in the infrared
experiments to trigger the aggregation process. Samples were
taken before heating and 30 min and 2 days after induction of
fibrillation. The samples were then diluted 1/20 in Milli-Q water
and quickly adsorbed to glow-discharged carbon-coated grids.
The material was stained using the method described else-
where (25) and also used previously with ADA2h (3).

The samples were visualized with a Hitachi H-7000 microscope
in the Servei de Microscopia of Universitat Autonoma de
Barcelona.

Circular Dichroism. The protein variants were diluted to 200
and 20 uM with 50 mM phosphate buffer (pH 7) for the native
CD measurements. The same variants were also taken to 2 mg/
mL and dialyzed overnight against 25 mM glycine (pH 3) at 4 °C.
The dialyzed samples were then taken to 200 and 20 uM with the
dialysis buffer, heated at 95 °C for 5 min, to properly activate
protein aggregation, and left overnight at room temperature.
Cuvettes with path lengths of 0.2 and 0.02 cm were used for the
circular dichroism measurements with 20 and 200 uM samples,
respectively, and 20 scans recorded at 100 nm min~" (response
of 1 s)in a JASCO 715 spectrophotopolarimeter were averaged
for each variant.

To calculate the relative contribution of each secondary
structure, we deconvolved spectra with the CDSSTR analysis
program from the DICHROWEB server (26, 27) using the SP175
reference set (28).

RESULTS

Assignment of Initial Infrared Bands in the Wild-Type
Protein. The structure and fibril formation process of the
activation domain of human procarboxypeptidase A2 (AD-
A2h) have been studied by infrared spectroscopy via examination
of the changes produced in the amide I' band region located
between 1700 and 1600 cm ™" and arising mainly from the C=0
stretching vibration of the peptide bond. Figure 1A shows the
deconvolved spectra at the most relevant times during fibril
formation, and Figure 2 shows the band decomposition of the
infrared spectra (see also Figure 1 of the Supporting Infor-
mation). It can be seen that there are two major bands whose
intensities increase, located at ~1682 and ~1619 cmfl, and the
variations in other bands when the spectra corresponding to the
process are compared. The most important change in ADA2h
at acidic pD (I4) is the appearance of a prominent band at
~1619 ecm™!, which has also been described in other fibril
formation processes (29, 30) and was previously reported to be
missed at pD 7 (/4). The band decomposition of the IR spectrum
at neutral pD obtained in this work is shown in Figure 2 for the
sake of comparison.

Before the induction of fibril formation (Figure 2, 0 min), the
spectrum shows seven bands at 1682, 1671, 1660, 1647, 1632,
1619, and 1606 cm ™", the latter corresponding to amino acid side
chains. ADA2h is an a/f-protein, according to structural stu-
dies (31, 32). Therefore, the other bands of the spectrum would
correspond to ADA?2h initial secondary structure components:
o-helices (1647 cm ™!, partially unfolded with respect to that at
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FiGURrE 1: Time course of the formation of amyloid fibrils by four variants of ADA2h followed by FT-IR. The spectra at the most significant
times are represented in this figure, from bottom to top: 0, 3, 8, and 35 min. In all cases, the formation of a band positioned at 1619 cm ' must be
noted, coupled with a slight increase in the magnitude of the 1682 cm™" band.

neutral pD located at 1652 cm™"), native antiparallel S-sheet
(1682 and 1632 ecm™ "), and elements of irregular secondary
structure (1671 and 1660 cm™"). The percentage of each amide
component is shown in Tables 1 and 2 of the Supporting
Information.

Formation of Amyloid Fibrils by the Wild-Type Protein.
As seen in Figures 1 and 2, during heat induction, the number of
bands does not change but their position and percentage area are
different, producing a changed amide I’ band shape. The 1619
cm” ! band is already present in the acidic pD sample, as opposed
to the neutral-pD protein. This is indicative of a certain aggrega-
tion at initial times, which might be quite different from that by
amyloid fibrils (although also rich in extended structure) since the
transmission electron micrograph at time zero does not show the
typical amyloid architecture (Figure 4). Afterward, the 1619
em™" band experiences a dramatic increase in area, especially
after 8 min (see Table 1 and Figure 2 of the Supporting
Information), coupled with a shift of its position to lower
wavelengths, corresponding to a conformational reorganization
that leads to the amyloid fibril. The reorganization of the initial
nucleus of the fibril formed by ADA2h has previously been
reported by following the early kinetics of the process from the
unfolded state using a stopped-flow method coupled to circular
dichroism (CD) (5). The above-mentioned shift (from 1619 to
1616 cm ™) indicates a stronger interaction within the reorga-
nized and late fibril. The other bands show shifts and decreases in
area indicative of an unfolding process simultancous with the
nucleation and growth of the fibril.

Effect of Mutations in Fibril Formation. Several mutants
of ADA2h were previously constructed to destabilize its fold (/9),

while others have been recently designed to change the kinetics of
amyloid fibril formation (5). The early kinetics of aggregation of
all of them has recently been reported (5). For this work, we have
chosen a rapid one, N58A, a slower one, 123V, and one not prone
to aggregation, F65A. It is important to note that when
aggregation is being studied concentration is a key factor. In
our previous work, a protein concentration of 40 uM was used
instead of the concentration of 544 uM presented in this study,
and we pointed out that even the variant least prone to aggrega-
tion shall aggregate with an increase in concentration (5). The
increase of more than 10-fold in this work is a consequence of the
different techniques used in both studies (CD coupled with
stopped-flow and IR).

The ability to form fibrils by these variants has been studied
using the same conditions that were used for the native protein.
The amide I' band has been analyzed during the fibrillation
process (Figure 1). Quantification of decomposed bands at the
relevant times for the wild-type protein and its variants is
presented in the Supporting Information (Tables 1 and 2). The
main conclusion is that, whereas during the nucleation phase the
processes are not equivalent for the different mutants, the final
spectra are similar, indicating that mutations affect the propen-
sity of the protein to aggregate, but not the fibril structure.

The initial area of the band at 1619 cm™" of each variant
(18.6% for 123V, 18.6% for F65A, and 20.3% for N58A) is
higher than that of the WT (14.3%) (Table 1 and Figure 2 of the
Supporting Information), as expected for destabilizing muta-
tions. Nevertheless, this effect is especially evident for variant
NS58A, the one most prone to aggregation. With regard to the
final area of this band, a similar percentage is shown by all of the
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FiGURE 2: Band decomposition of the amide I’ spectra of amyloid formation kinetics for WT ADA2h. Band decomposition at the most relevant
times of the aggregation kinetics (0, 3, 8, and 35 min) of the WT variant of ADA2h at acidic pD. The bottom panel shows band decomposition for

WT ADA2h at pD 7 (native soluble form) lacking the 1619 cm ™' band.

mutants at the end of the process. These results would indicate
that mutations produce conformational changes during the
aggregation pathway; however, since the environment’s influence
remains the same, they do not alter the pattern of the final
fibril.

Two-Dimensional Correlation Spectra. To reveal inter-
action between bands for the changes occurring during the
process of fibril formation, 2D-COS spectra have been plotted
(Figure 3). In the synchronous map, the autopeaks (diagonal)
reflect intensity and are always positive. The cross-correlation
peaks indicate a relationship between the two bands
involved (9—13, 24). Two clear autopeaks are present in the
diagonal of the map of the wild-type protein (Figure 3A). One
predominant band, located at 1616 cm™', indicative of the
amyloid fibril and the other centered around 1647 cm™" asso-
ciated with partially unfolded a-helices are present. When the
1616 cm™'—1647 cm ™" cross-correlation peak is considered, a
negative correlation is found between them, thus pointing out
that the growth of the amyloid fibril is mainly due to the
disappearance of this secondary structure. Even if no autopeak
is seen at 1682 cm ™', the other component of the amyloid fibril
(and also the minor component of the native antiparallel -sheet),

the presence of the 1682 cm™'—1647 cm ™" less intense cross-
correlation peak indicates that the change in the intensity of this
band, although smaller, is actually detected. No intensities seem
to be associated with the low-frequency, and main, f-sheet
component. However, the above-mentioned main cross-correla-
tion peak (1616 cm™'—1647 cm™") is quite broad, ranging from
native S-sheets (1632 cm ") to S-turns (1675 cm ™), thus reflect-
ing the stated observation that S-sheets of some native proteins
are different from those in amyloid fibrils and that a substantial
reorganization is necessary to form the fibril (30, 33).

The synchronous maps of the mutants resemble that for the
wild-type protein (Figure 3B—D), although their cross-correla-
tion peaks appear broader when compared to it. This reflects the
broadening of almost all bands present in their spectra (see
Figure 1) and is a consequence of their lower conformational
stability. The fact that the mutants show a strong autopeak
around 1625 cm ™", not present in the wild-type map, is note-
worthy. This autopeak is a reflection of the minimum preceding
the aggregated S-sheet band at 1616 cm ™', the magnitude of
which strongly decreases in each of them (see also Figure 1). This
can be especially observed in 123V, where the magnitude of the
1616 cm™! band does not increase very much, and therefore, a
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F1GURE 3: Synchronous maps of the FT-IR spectra for aggregation kinetics. The synchronous maps for all mutants are represented using the two-
dimensional correlation analysis applied to the FT-IR spectra: (A) WT, (B) 123V, (C) N58A, and (D) F65A. The positive correlations are shown in
different shades of red according to their intensities and the negative ones in blue.

corresponding autopeak cannot be found. Moreover, all mutants
exhibit an autopeak at 1682 cm™ !, albeit rather faint, which is a
reflection of the increase in the magnitude of this band during
amyloid fibril formation.

Electron Microscopy. Electron micrographs demonstrate
that the process leads to formation of amyloid fibrils and not just
to an amorphous protein aggregate (Figure 4). In contrast to the
nucleated dependent kinetics leading to amyloid fibrils (34),
N358A, F65A, and WT ADA2h show, at time zero, some worm-
like fibrils like those described by Radford and colleagues for the
assembly of spherical or prefibrillar material of 5,-microglobulin
that follow a non-nucleated dependent kinetics (33—35). Never-
theless, no such wormlike structures were unequivocally observed
for 123 V (see Discussion). In this work, this wormlike state has
been depopulated by temperature, which allows for the initiation
of the fibril formation process. The fact that this process is
different for each variant, as confirmed by the synchronous maps
(Figure 3), indicates that these wormlike structures would be
conformationally different. The wormlike structures observed for
the variants, with the exception of 123V, are approximately
80—100 nm long and 8—9 nm wide. It is noteworthy that
F65A wormlike fibrils seem to be more organized than the ones
obtained for the other variants (see Discussion).

At 30 min (time required to prepare the TEM samples), after
the samples have been heated in the same way as in the IR
experiments, all of the variants show organized fibrillar material.
At longer periods, the fibrils are very similar and better defined in
all the variants, indicating that the structure attained is similar for
all protein samples studied.

Circular Dichroism. Figure 5 shows the far-UV CD spectra
of the variants at neutral and acidic pH measured at two different
concentrations, 20 and 200 uM. At pH 7, there is no aggregation
and the spectra obtained at 200 uM are identical to those at
20 uM (results not shown). It is important to note that the
samples at pH 3 were induced to form amyloid fibrils when
heated at 95 °C for 5 min and, as a consequence, do not
correspond to the conditions of the IR experiment at time zero.
In any case, the concentration used for IR, 544 uM, is too high to
be studied by CD, especially in the very far UV region (210—
190 nm) where the detector is saturated and no reliable informa-
tion can be obtained. Thus, the CD data presented here must
be regarded as information complementary to the structural
analyses derived from the IR final spectra.

The o + f structure of the wild type is maintained for all
three mutants at neutral pH. The deconvolved CD spectra
(Table 1) show an a-helix content of 31-32% for all of
them, with the exception of F65A, the level of which slightly
decreases to 27%, favoring an equivalent increase in [-sheet
content. This difference is due to the instability of mutant F65A.
It is important to note that the F65 side chain interacts with the
V64 backbone, one of the main components of the hydrophobic
core (19).

Atacidic pH and upon temperature induction, the WT variant
shows a loss in helical content enhancing the weight of the 5-sheet
conformation, as previously described (/4). This feature agrees
with the differential location of the IR band for o-helices at acidic
and neutral pD [1647 and 1652 cm ™", respectively (Figure 2)]. At
20 uM, 8% of the helical content is lost in favor of an increase in
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FIGURE 4: Transmission electron micrographs at discrete points of the amyloid fibril formation process by WT ADA2h (A) and mutants 123V
(B), NS8A (C), and F65A (D). The micrographs at time zero show the presence of weakly structured aggregates, and the formation of a huge
amount of amyloid fibrils completely covering the grid can be seen as little as 30 min after induction for all variants. These amyloid fibrils, however,

are far more structured after 48 h.

p-sheet content, whereas the levels of S-turns and random coils
remain the same. However, at 200 M there is a dramatic loss of
24% of the helical content in favor of an increase in f-sheet
content (18%) and also random coil content (6%). The effect of
acidic pH is more remarkable for mutants 123V and N58A than
for the WT, but especially for N58A, the most prone to amyloid
fibril formation. N58A shows very similar spectra at both
concentrations, reaching high f-sheet content at the lower
concentration. Moreover, as was the case for the WT, the random
coil conformation is enhanced with an increase in concentration.
This is also true for mutant 123V. For these three variants, WT,
123V, and N58A, there is an increase in random coil content when
the concentration is increased, and not just a pure increase in
p-sheet content.

Regardless, F65A, the mutant not prone to aggregation (3)
and rather unstable (/9), shows, at acidic pH and 20 uM, a
spectrum similar to that at neutral pH. With an increase in
concentration, the helical content decreases only 5% in favor of
the §-sheet. The random coil contribution is similar under all the
conditions studied (Table 1). Thus, it is quite possible that
mutation of this residue, which interacts with part of the
hydrophobic core in the WT, generates a f-conformation with
some similarities to that present in the final fibril, which will be
more populated at the concentration required for the IR experi-
ments.

DISCUSSION

Assignment of the Aggregation Bands for the Wild-Type
Protein. Infrared band assignment is not a straightforward
procedure because of the sensitivity of IR to combined structural
and environmental factors (36). Despite the hallmark 5-conforma-
tion of amyloid fibrils (37), it has been reiteratively shown by IR
that the amide I' peaks cluster between 1630 and 1640 cm ™' for
p-sheet proteins whereas for ordered (amyloid-like fibrils) or
amorphous aggregates they extend from 1611 to 1630 cm™" (30).
This structural difference makes IR a very suitable technique for
following fibril formation processes from all types of protein folds.

Initially, the band at 1619 cm™" represents 14% of the amide
component. This indicates that a portion of the protein is initially
aggregated. This aggregation, although contributing slightly to the
spectra, could not be avoided at the acidic pH of the experiment,
especially at the required protein concentration for the IR (5 mg/
mL, 544 uM). Nevertheless, the electron micrograph obtained
under the same conditions (Figure 4A, time zero) does not show
the presence of any structured amyloid fibril but rather some
irregular wormlike structures, similar to those seen previously for
po-microglobulin (33). These less structured fibrils presumably
are responsible for the initial band at 1619 cm™', similar to the
1622 em™' band previously seen for Br-microglobulin worm-
like fibrils (38), whereas the final position at 1616 cm™' would
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FiGURE 5: Comparison among the native and amyloid-induced conformations of WT ADA2h and the destabilized mutants by circular
dichroism. Conformations of WT and mutants 123V, N58A, and F65A analyzed by circular dichroism spectroscopy under native conditions, at
pH 7 (solid line), and after induction of amyloidogenesis by temperature, at pH 3, at a protein concentration of 20 uM (dotted line) and at a protein
concentration of 200 uM (dashed line). All variants show a similar o. 4 5 spectrum at pH 7, and an all-f spectrum at pH 3 typical of amyloidogenic
aggregation, with the exception of F65A at 20 uM. Under those conditions, this mutant exhibits a nativelike spectrum; however, at 200 uM

(similar to the IR conditions), it is able to form these aggregates.

Table 1: Secondary Structure Content of ADA2h under Native and
Amyloid-Induced Conditions Followed by Circular Dichroism*

a-helix f-sheet p-turn random

(%) (%) (%) (%)
WT at pH 7, 20 uM 32 20 12 36
WT at pH 3, 20 uM 24 29 11 36
WT at pH 3, 200 uM 8 38 11 43
123V at pH 7, 20 uM 31 20 13 36
123V at pH 3, 20 uM 17 35 12 36
123V at pH 3, 200 uM 6 42 12 40
NS58A at pH 7, 20 uM 32 20 12 36
NS58A at pH 3, 20 uM 9 43 11 37
NS8A at pH 3, 200 uM 7 39 12 42
F65A at pH 7, 20 uM 27 25 12 36
F65A at pH 3, 20 uM 27 25 12 36
F65A at pH 3, 200 uM” 21 31 1 37

“Deconvolution of the circular dichroism spectra of ADA2h variants at
20 uM and neutral pH and at 20 and 200 uM at acidic pH. It should be noted
that both the f-sheet and the random coil components experience an
increase in percentage when the protein is placed under conditions that
favor aggregation (low pH and high protein concentration). It is important
to determine that circular dichroism is not able to discern between native
and aggregated S-structures. “The spectrum of F65A at 200 xM and pH 3 is
too noisy in the far-UV region because of detector saturation, making its
deconvolution unreliable.

correspond to the more structured amyloid fibrils. This highlights
the different nature of these aggregates, as compared to that
characteristic of the mature amyloid fibrils, and might represent a
ground state from a different aggregation pathway (33). It is
noteworthy that inclusion bodies and thermally induced nonfibrillar
aggregates also present a band located around 1625 cm ™" (33).
Nucleation and Reorganization. It has recently been re-
ported that the amide I’ band maximum of native -proteins

depends on the average number of strands per sheet, decreasing
the wavenumber when the number of strands is increased (30).
This feature is also suggested by ab initio calculations (39). A
location at 1615 cm™" was previously reported for WT ADA2h
amyloid fibrils that were induced at 90 °C for 30 min (/4). In this
study, designed to follow the process, the temperature was
increased from 20 to 90 °C over 10 min and maintained afterward
at 90 °C for 30 min, and a final band of 1616 cm™ " was reached.
Despite this small difference in the position of the band, the
samples incubated in the same way as in the IR experiments show
by TEM the unequivocal presence of amyloid fibrils.

A reorganization step in the formation of amyloid fibrils of
ADAD2h can be elucidated by the fact that (i) the S-sheet bands are
different in the native and initially aggregated protein, with
wavelengths at 1632 and 1619 cm™', respectively, and (ii) the
final fibril shows a prominent band at 1616 cm™'. Also, a
reorganization event was described for this domain when the
very early kinetics of acquisition of 3-structure from the unfolded
state by CD induced by pH jump was studied (5). There are
several proteins in which a conformational reorganization of the
nucleus has been reported to achieve ordered fibrillation (30,
40—42). However, this is not the case for >m, whose native
p-sheets are almost identical to aggregated f-sheets (38). In
addition, there is also a recent computer simulation indicating
that hydrophobic residues are sequestered away from the solvent
during the nucleation step, whereas during fibril formation
oligomers undergo a process of reorganization driven by inter-
chain hydrogen bonding interactions that induce the formation
of B-sheet-rich assemblies (43).

Influence of Aggregation Propensity and Stability. In a
previous work, we determined the concentration-dependent rate
constant (k, nucleation) and the concentration-independent rate
constant (k,, reorganization) for a large battery of single-residue
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variants and demonstrated that it is the interplay between
stability and the propensity of a sequence to form ordered
aggregates that determines the aggregation outcome for a
protein (5). In the work presented here, the wild-type protein
(k; = 0.40 s7"), a slowly aggregating mutant (123V) (k, = 0.14
s™"), a rapidly aggregating mutant (N58A) (k; = 0.86s™'),and a
mutant not prone to (F65A) (k; = 0.00 s~ ") have been chosen to
study the process of amyloid fibril formation by IR. The
induction by temperature has been performed from the folded
state at acidic pD to evaluate the combined contribution of
stability and aggregation propensity.

The initial area of the band around 1619 cm™" is greater in all
mutants than in the wild-type protein, demonstrating that
destabilization of the native state, with respect to the aggregation
intermediate ensemble, is coupled with an increased propensity
for nonfibrillar aggregation. In the case of mutant N58A, its
tendency to form amyloid fibrils is responsible for a greater initial
area of this hallmark band.

At time zero, all of the variants, with the exception of 123V,
form wormlike structures as seen by TEM. The lack of these
structures for 123V at time zero could be related to its ability to
form non-native interactions during the transition state of its
folding reaction (/9). The presence of such structures, especially
for the most unstable mutant, F65A, reinforces the idea that
wormlike structures correspond to a ground state that is easily
reached from partially unfolded proteins. This ground state is in
direct competition and favored, with respect to amyloid fibril
formation, under our initial experimental conditions (33). How-
ever, thermal denaturation facilitates the formation of amyloid
fibrils, presumably by allowing the buried regions within the
domains to be exposed, which leads to the nucleation-dependent
process of ordered aggregation. This reflects the fact that ADA2h
would follow the refolding model among the monomer structural
reorganization models proposed by Eisenberg et al. (8).

Apart from the results discussed, the 2D-COS maps correlate
the bands and shed some light on the dynamics of the process.
The synchronous map for the wild type shows that the major
interaction is between bands that have been assigned to partially
unfolded o-helices and the amyloid fibril. The spectra of the
mutants present broadened bands, which could reflect the fact
that these variants are not initially as structured as the wild-type
protein, in accordance with their lower stability (19).

In spite of the differences observed for wild-type ADA2h and
its mutants, their aggregation processes all culminate in the
formation of amyloid-like fibrils with equivalent characteristics.
This indicates that when experimental conditions are forced, i.e.,
protein concentration, variants with different tendencies to
aggregate and stabilities are capable of aggregating as ordered
fibrils. Although sequence context is relevant to the kinetics of
amyloid fibril formation (5), the mechanism by which a protein
reaches a thermodynamically stable aggregate should be intrinsic
to the polypeptide chain (7).

SUPPORTING INFORMATION AVAILABLE

Analysis of the main components of the amide I' band for
ADAZ2h variants (Table 1), analysis of the minor components of
the amide I band for ADA2h variants (Table 2), kinetics of the
formation of amyloid fibrils by four variants of ADA2h followed
by FT-IR (Figure 1), and plot showing variations in the position
and area of the main bands in the FT-IR spectra during amyloid
formation kinetics (Figure 2). This material is available free of
charge via the Internet at http://pubs.acs.org.
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