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ABSTRACT Investigation of the molecular mechanisms underlying amyloid-related human diseases attracts close attention.
These diseases, the number of which currently is above 40, are characterized by formation of peptide or protein aggregates
containing a cross-g structure. Most of the amyloidogenesis mechanisms described so far are based on experimental studies
of aggregation of short peptides, intrinsically disordered proteins, or proteins under denaturing conditions, and studies of amyloid
aggregate formations by structured globular proteins under conditions close to physiological ones are still in the initial stage. We
investigated the effect of amino acid substitutions on propensity of the completely helical protein sperm whale apomyoglobin
(sw ApoMb) for amyloid formation from its structured state in the absence of denaturing agents. Stability and aggregation of
mutated sw ApoMb were studied using circular dichroism, Fourier transform infrared spectroscopy, x-ray diffraction, native elec-
trophoresis, and electron microscopy techniques. Here, we demonstrate that stability of the protein native state determines both
protein aggregation propensity and structural peculiarities of formed aggregates. Specifically, structurally stable mutants show
low aggregation propensity and moderately destabilized sw ApoMb variants form amyloids, whereas their strongly destabilized

mutants form both amyloids and nonamyloid aggregates.

INTRODUCTION

In the last two decades, a considerable progress has been
achieved in studies of amyloid aggregation (1-5). Currently,
more than 40 diseases are known to be amyloid-related,
including Alzheimer’s disease, Parkinson’s disease, type 2
diabetes, and others (1,2,6). These are associated with depo-
sition in organs and tissues of amyloids, which are highly
structured protein fibrils containing the cross-8 structure
(7). Amyloidogenesis is a multistep process that is problem-
atic for experimental study, and therefore the molecular
mechanism of protein aggregation is still poorly understood,
and amyloid-related diseases remain almost incurable.
Amyloid aggregation has long been the subject of medi-
cal research. Some years ago, it was found that there are
proteins apart from those immediately involved in disease-
causing amyloidogenesis, including «-helical proteins,
which are capable of generating amyloids under conditions
specific to each case (8-10). Aggregates formed by these
proteins can be as toxic to the cell as those of disease-related
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proteins, which points to certain common structural features
of the aggregates as the toxicity source. Accordingly, it was
concluded that amyloid formation is a common character-
istic of polypeptide chains (8,9). Therefore it is possible to
study features of the amyloid formation process using
different proteins uninvolved in any disease. Thus investiga-
tions of protein aggregates and their kinetic and ther-
modynamic characteristics became a research subject of
molecular biophysics. Three types of acylphosphatase,
HypF-N, horse and sperm whale apomyoglobins, B1 immu-
noglobulin-binding domain of protein G, and others were
used as model proteins (3,11-16).

It was shown that nonnative protein conformations were
aggregate precursors and therefore destabilization of protein
structure was prerequisite and determinant for aggregation
propensity to amyloid deposition (1,16-21). Therefore, in
most subsequent studies, denaturing conditions such as
high temperature or low pH, and addition of different
denaturants and organic solvents were used that provided
destabilization of protein structure and unfolding of the
polypeptide chain (14,22-24). It was shown that for
unfolded polypeptide chains, the physicochemical proper-
ties of amino acid residues produce the major effect on
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protein amyloidogenicity, which increases with enhanced
hydrophobicity and $-sheet propensity, and decreases the
total charge of amyloidogenic regions in mutants (25-29).
These results underlie most of the available algorithms for
prediction of the effect of amino acid substitutions on the
amyloidogenicity of proteins (30-33).

To gain a better understanding of in vivo protein aggrega-
tion and develop an approach to its regulation in the cell, it is
necessary to reveal the features of aggregation under condi-
tions close to physiological ones. Currently, such studies are
not common, and the data offered in the literature are insuf-
ficient to characterize aggregate formation by structured
proteins (12,13,34-38). Therefore, our goal was to reveal
what factors affect amyloidogenicity of a globular protein
under nondenaturing conditions. We selected sperm whale
apomyoglobin (sw ApoMb) as a model in our research
because the process of its folding and the structures of its
conformational states have been studied in detail (39-45).
In addition, it is a completely «-helical protein, which
makes its conformational rearrangements accompanied by
B-structure emergence most fascinating. Myoglobin is a
single-domain, globular protein containing eight helices
lettered from A to H (44). Its folding proceeds through an
intermediate known as “the molten globule state,” where
A-, G-, H-, and partially B-helices are structured, whereas
the other helices fluctuate (42-44).

To date, the mechanism of ApoMb amyloid aggregation
remains unclear. It has been shown that unfolded horse
ApoMb is capable of forming fibrils under denaturing con-
ditions (60°C and pH 9) (14); further, the double substitu-
tion of sw ApoMb W7FWI4F inducing pronounced
protein destabilization causes generation of amyloids even
at room temperature (15,46,47). Our goal was to investigate
sw ApoMb aggregation under conditions maximally close to
physiological ones. Previously, we reported that 40°C and
pH 5.5 were the conditions under which this protein, in
its structured state, was capable of forming fibrils (37).
Here, we investigated the effect of amino acid substitutions
on sw ApoMb amyloid aggregation under these conditions.
Eleven mutants of this protein were constructed, and their
stability and properties of the formed aggregates were inves-
tigated using a wide range of biophysical techniques.

Currently, a broad variety of aggregate conformations pro-
duced by polypeptide chains, where amyloids are only one
type of known protein aggregates, are available in the litera-
ture (48). To understand the mechanisms of not only amyloi-
dogenesis, but also the whole process of aggregate formation
of sw ApoMb, we have studied the propensity of its mutant
forms to form aggregates regardless of their structure and,
separately, its amyloid-forming propensity. This approach
allowed for finding two different pathways of sw ApoMb
aggregation under the same solvent conditions. Both the ag-
gregation propensity and structural characteristics of the ag-
gregates were shown to be determined by the stability of the
protein’s native state. Specifically, structurally stable mutants
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show low aggregation propensity and moderate destabiliza-
tion of the protein structure results in amyloid formation,
whereas strongly destabilized mutants produce both amyloid
and nonamyloid aggregates. In addition, this study has re-
vealed that in contrast to aggregation of unfolded polypeptide
chains, amyloidogenicity of sw ApoMb under nondenaturing
conditions is not influenced by hydrophobicity and B sheet
propensity of the substituting amino acid residues. Our
data provided new, to our knowledge, information on the
aggregation process of sw ApoMb from its structured state
and the factors determining the aggregation pathway of this
protein.

MATERIALS AND METHODS

Protein expression and isolation

Plasmids containing genes of sw ApoMb mutated forms were obtained using
a 7QuikChange site-directed mutagenesis kit (Stratagene), with the plasmid
PET 7, as a template (a kind gift from P.E. Wright) (49). sw ApoMb and its
variants were isolated and purified as described previously, after expression
of appropriate plasmids in Escherichia coli BL21 (DE3) cells (50).

Aggregation conditions

For the formation of amyloid structures, lyophilized proteins were dissolved
in 10 mM of sodium phosphate buffer (pH 5.5), and centrifuged using a Beck-
man 100 ultracentrifuge (Beckman Coulter, Brea, CA) at 70,000 Rpm for
30 min at 4°C, to remove poorly dissolved material. Protein concentrations
were determined spectrophotometrically. The extinction coefficient was
calculated from the amino acid sequence and taken to be 0.88 for wild-type
sperm whale apomyoglobin (WT sw ApoMb) and for mutated proteins
with VIOA, VIOE, E109F, L115A,L115F, M131A,and VIOAM131A; a value
of 0.56 was used for the variants with W14A and W 14F, 0.95 was used for sw
ApoMb E109Y, and 1.21 was used for M131W (51). For amyloid fibril forma-
tion, protein solutions (5 mg/mL) were incubated at 40°C for 24 h.

Thioflavin T binding

Thioflavin T (ThT) fluorescence measurements were made using a Varian
Cary Eclipse spectrofluorimeter (Agilent Technologies, Santa Clara, CA).
Aliquots were taken after 24 h of incubation of protein solutions at 40°C
and mixed with ThT solution before the measurements. The protein concen-
tration was 0.5 mg/mL (28 uM); the dye concentration was 50 uM. The
excitation wavelength was 450 nm. Emission spectra were recorded in
the range of 460-600 nm at 25°C, and the double optical path of the cuvette
was 0.3 x 0.3 cm.

Heme binding

sw ApoMb mutants were assayed for their capability of heme binding by
adding hemin (1:1 ratio) to 0.15 mg/mL protein solution. Absorption
spectra were recorded over the range of 350-450 nm using a Cary 100 spec-
trophotometer (Varian, New South Wales, Australia) with a cuvette of 1 cm
optical pathlength.

Fourier transform infrared spectroscopy

Infrared spectra were recorded at 25°C on a Fourier IR-spectrometer
Nicolet 6700 (Thermo Scientific, Waltham, MA) using 5 mg/mL protein



concentration. Protein samples were sandwiched between two plates made
of CaF, with an optical pathlength of 5.8 um. The spectra (each averaged
from 256 scanning runs) were measured at a resolution of 4 cm ™', Subtrac-
tion of buffer spectra and suppression of water steam spectra were con-
ducted using the OMNIC software.

X-ray diffraction

Before measurements, sw ApoMb fibrils were placed in order, as described
previously (52). Briefly, droplets of amyloid-containing solutions
(5 mg/mL) were suspended between two glass sticks and allowed to air-
dry for 2 days. Amyloid diffraction patterns were collected at the Institute
of Protein Research using an x-ray generator Microstar with the optical sys-
tem HELIOX and a detector Platinum135 CCD (X8 Proteum; Bruker-AXS,
Billerica, MA), and CuKe radiation (A = 1.54 A). Protein samples were ori-
ented perpendicularly to the x-ray beam using a four-axes k goniometer.

Electron microscopy

Protein samples were negatively stained with 1% aqueous uranyl acetate so-
lution (53). Carbon films (2-3 nm thick) on the surface of freshly cleaved
mica were prepared using an electron beam evaporator (54). Electron mi-
crographs were taken using a JEM-100C electron microscope (JEOL, To-
kyo, Japan) operating at an accelerating voltage of 80 kV and providing
40,000-fold magnification. The protein concentration was 0.05 mg/mL.

Differential scanning microcalorimetry

Heat denaturation of sw ApoMb was studied using a SCAL-1 differential
scanning calorimeter (SCAL) (55) with 0.34 mL cylindrical glass cells. The
heating rate was 1 K/min, the temperature accuracy was *0.3°C, and the pro-
tein concentration was 1 mg/mL. Before the experiments, all samples were
equilibrated overnight by dialysis against 10 mM of sodium phosphate buffer.

Circular dichroism

Circular dichroism (CD) experiments were performed on a Chirascan spec-
tropolarimeter (Photophysics, Leatherhead, England) with 0.01 cm path-
length cells. The protein concentration was 1 mg/mL. Sample preparation
and molar ellipticity calculations are described in Supporting Materials
and Methods. Protein melting records were taken by monitoring molar
ellipticity at a wavelength of 222 nm in the 5-95°C range, the temperature
was controlled using a Peltier element. The heating rate was 1°C/min.

Native electrophoresis

A comparative analysis of sw ApoMb mutant propensities for aggregation
was performed using electrophoresis in 9% PAGE under nondenaturing
conditions. Gels were prepared according to (56) with the following mod-
ifications. The electrophoresis was performed at pH 5.5 without SDS addi-
tion. MES buffer (pH 5.5) was used both as an electrode buffer and for gel
preparation. Positively charged methylene green dye, most appropriate for
electrophoresis in acidic conditions, was added to the sample buffer. The
monomer band staining intensity was calculated using Total Lab software.

RESULTS

Selection of replaceable amino acid residues

sw ApoMb mutants were constructed and their aggregation
under nondenaturing conditions was studied to reveal fac-
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tors that influence sw ApoMb amyloid formation. Our
goal was to create mutants that will provide information
on the effect of both protein structure stability and residue
properties (hydrophobicity and charge) on amyloidogene-
sis. This imposes the following constraints on the point
mutations.

1) They should be localized in amyloidogenic regions of
the protein. We used predictions from the literature, ac-
cording to which, A-, E-, and G-helices of myoglobin are
such regions (30,32).

2) Substitutions should alter the stability of the protein
structure. Therefore, we took into consideration the re-
sults of our previous studies on sw ApoMb folding
(45) and residues predicted to be important for the
folding process and conserved for all apomyoglobins
(57). This yielded V10, W14 (A-helix), and L115 (G-he-
lix) as the residues to be replaced and M131 (belonging
to the nonamyloidogenic H-helix, but also conserved and
important for sw ApoMb folding) as a control.

3) The mutations should cause changes in hydrophobicity
and residue charge. To make an unambiguous conclu-
sion as to the effect of hydrophobicity on protein ag-
gregation, two residues with different hydrophobicity
were substituted for the same residue: V10A and
V10F, W14A and WI14F, L115A and LI115F, and
MI131A and M131W. To study the effect of the residue
charge on amyloid-forming propensities, we con-
structed two mutants with the substitutions E109Y
and E109F which, according to prediction, are sup-
posed to provide a pronounced increase in amyloid
formation (32).

4) Selection of double mutant, VIOAMI131A. The struc-
ture stability of all mutants described above was deter-
mined (Figs. 2, 5 ¢, and 6 ¢; Table 1). The obtained
results show that mutant proteins are characterized by
different degrees of destabilization; however, we did
not obtain a mutant with the stability in a wide range
between those of MI31A and WI14A variants. For
selection of this mutant, we used additivity of double
substitutions, which means that the effect of double sub-
stitutions on the structure stability is approximately
equal to the sum of the effects of the constituent single
mutations (58). Substitution V10A, which results in the
least destabilization of sw ApoMb, was added to substi-
tution M131A. The resulting mutant, VIOAM131A, is
characterized by the required degree of destabilization
that extends the range of mutant forms and makes
them appropriate for investigation of protein structure
stability on aggregation.

For some of the obtained variants, it was shown previ-
ously (59) that the shape and intensity of far ultraviolet
(UV) CD spectra under native conditions are close to those
for the wild-type protein. These data suggest that mutations
did not significantly change the native structure of the
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TABLE 1 Properties of WT sw ApoMb, Its Mutants, and Their Aggregates

fN pH 5.5 and {1 (pH 5.5 ana Monomer Band Staining ~ Ajg20.Aj6s0  Change in Hydrophobicity ~ Change in 3-Sheet
Protein Tm (°C) a0°c) (%) s0°c) (%) Intensity (r.u.)” Ratio (kcal/mol)” Propensity®
WT 609 = 02 834 06 166 * 0.6 1.00 = 0 0.72 = 0,01 0 0
VI10A 567 + 13 81.8+09 182 *09 0.49 = 0.01 0.82 + 0.01 —-1.2 —0.34
V10F 51,0 £ 1.5 747 £ 06 253 £ 0.6 0.11 = 0.02 0.86 = 0.02 0.8 0
WI4A 47.1 £ 04 30.6 = 6.1 69.4 + 6.1 0.08 = 0.01 0.82 £0.01 —-2.6 —0.23
WI14F 553 £02 75222 247 £22 0.34 = 0.02 0.85 = 0.05 —0.6 0.11
E109Y 496 + 0.1 71.8 £32 282 + 32 0.03 = 0.01 0.87 +0.02 22 0.24
E109F 51,5 £ 14 68.1 £20 319 £20 0.04 = 0.01 0.91 =0.06 33 0.22
L115A 495 + 0.6 638 £08 362+ 038 0.07 = 0.01 0.89 +0.02 -1.9 —0.15
L115F 56.6 = 04 749 £ 2.1 251 *= 2.1 0.26 = 0.02 0.88 = 0.01 0.1 0.19
MI131A 477 £ 09 565 24 435+ 24 0.13 = 0.01 0.85 +0.02 —-1.2 —0.21
M131W 589 £ 04 87917 121 1.7 0.81 = 0.01 0.72 = 0.01 14 0.02
VI0AMI131A 429 + 2.1 472 £ 47 528 =47 0.09 = 0.02 0.83 = 0.02 —2.4 —0.55

“Normalized to WT sw ApoMb.
"The data are from (65).
“The data are from (66).

protein. Similar results have been obtained for all described
mutant forms.

Structural stability of WT sw ApoMb and its
mutants

Our study was focused on sw ApoMb amyloid aggregation
in the absence of protein unfolding. Hence, the conditions
used were pH 5.5 and 40°C, because the former is maxi-
mally close to the native conditions in which sw ApoMb
amyloid formation is possible, whereas 40°C provides ac-
celeration of the aggregation, thus making it observable at
physiological temperatures (37). First, it was necessary to
ascertain that under these conditions, the ApoMb molecule
remains folded. To do so, we assayed WT sw ApoMb and its
mutants for heme-binding ability at pH 5.5. Fig. 1 a shows
absorption spectra for WT sw ApoMb and its mutants after
hemin addition to the solution.

The appearance of the absorption peak within the Soret
band (410 nm) shows that, under these conditions, the struc-
ture of heme-binding sites in mutants is close to that in WT

sw ApoMb, and that these mutants retain their functional ac-
tivity (Fig. 1 a).

For estimation of the secondary structure content of
monomeric sw ApoMb at pH 5.5 and 40°C, far UV CD
spectra were measured (Fig. 1 b). The spectra were recorded
just after the temperature increase in the cuvette without
prolonged incubation of solution. For comparison, Fig. 1 b
shows the spectra of the native and intermediate states of
WT sw ApoMb, measured under conditions where these
states are maximally populated: pH 6.2 and 20°C for the
N state and pH 4.0 and 20°C for the I state. The intensity
and shape of the CD spectrum of WT sw ApoMb at
pH 5.5 and 40°C is characterized by values between those
of the native (N) and intermediate (I) states, which indicates
that, under these conditions, ApoMb molecules contain a
pronounced secondary structure. The obtained data suggest
that ApoMb molecules at the N and I states are populated,
under these conditions.

Comparison of the structure stability of sw ApoMb
and its mutant forms was performed using the equilibrium
unfolding data. Heat melting curves and pH-induced

FIGURE 1 Properties of monomeric WT sw
ApoMb and its mutant forms. (a) Absorption

spectra in the Soret band region for WT sw ApoMb
and its variants after hemin binding; the spectrum
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denaturing transitions were obtained by far UV CD, and
the curves were plotted on the basis of changing molecular
ellipticity at a wavelength of 222 nm, which is informative
for the «a-helical structure content (Fig. 2). The estimation
of the protein’s structure stability was carried out in two
ways: 1) in accordance with the melting temperatures,
and 2) on the basis of populations of the N and I states un-
der studied aggregation conditions (pH 5.5 and 40°C). The
values of melting temperatures (7,,) were obtained by
fitting the melting curves to a two-state model (Fig. 2 a;
Table 1). For description of the melting curves, the two-
state model was used because the heat-denatured state of
sw ApoMb is an I state. This is confirmed, first, by spectral
properties of this state which are identical to those of the
sw ApoMb I state; and second, since the calorimetric tech-
nique is restricted to the N—1 transition for this protein,
the coincidence of the middle transitions at heat denatur-
ation curves monitored by calorimetric and CD methods
indicates that actually, protein melting is a transition
from its N to I state (39-41) (Fig. S1). For comparison
of protein structure stability in the second way, the values
of the fraction of the I state (f;) and the fraction of the
N state (fy) at pH 5.5 and 40°C were calculated from
the description of melting curves according to the two-
state model (60). Under used conditions (pH 5.5 and
40°C), the native structure of ApoMb is slightly destabi-
lized by both an increase in temperature as well by a
decrease in pH. Thus, at the unfolding transitions
measured at pH 5.5, the baseline corresponding to
~100% population of the N state is absent for mutants
of ApoMb. Therefore, the melting curves were described
as a two-state model with respect to protein destabilization
at pH 5.5: f] and fy at baseline at a low temperature cor-
responded to values at pH 5.5, calculated from pH-induced
transitions at 11°C (Fig. 2 b; Table 1). A more detailed
description of these calculations is presented in Supporting
Materials and Methods. The estimation of protein structure

a
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stability by both methods gives similar results, which is
confirmed by the reliable correlation of T,,, with f; and
fy values (Fig. S2).

Structural characteristics of sw ApoMb
aggregates formed at 40°C and pH 5.5

Structural characteristics of sw ApoMb aggregates formed
after 24 h of incubation at 40°C and pH 5.5 were obtained.
The period of 24 h is enough for all the parameters to reach a
plateau, thereby indicating that the aggregation process is
virtually over (37). The morphology of the aggregates
formed by WT sw ApoMb and its mutant forms was studied
using electron microscopy (Fig. 3 a) to demonstrate that, un-
der these conditions, sw ApoMb forms curved fibrils up to
100 nm in length, although a certain amount of micellar
aggregate structures are present in the solution as well.
The postincubation increase in ThT fluorescence indicates
that the formed aggregates contain the cross-f8 structure
(Fig. S3). Fourier transform infrared (FTIR) spectroscopy
was used to investigate the secondary structure of these
aggregates (61-63). Before incubation, one pronounced
maximum in the FTIR spectra corresponding to a-helical
and coil absorptions was recorded at 1650 cm™'. After
incubation, the appearance of a new peak at 1620 cm ™'
and a shoulder at 1690 cm ™' shows that the cross-g structure
was formed in the course of protein aggregation (Fig. 3 b).
An x-ray diffraction technique was additionally used for
identification of amyloid cross-# structure in fibrils. Investi-
gation of fibrils formed by all mutant proteins is laborious;
therefore, the diffraction pattern was obtained for one
mutant form V10F, chosen as an example (Fig. 3 ¢). The
presence of 4.71 and 10.10 A reflections in the pattern al-
lows for the unambiguous conclusion that the aggregates
contain a cross-f structure, typical of amyloids.

These results are evidence that, at 40°C and pH 5.5,
all the studied proteins formed aggregates, although
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the yield was different depending on the introduced
mutation.

Aggregation propensities of WT sw Apo and its
mutants

Previous protein aggregation studies have been focused on
amyloid aggregation. Hence, only the aggregation pathway
is considered rather than the aggregation landscape. There-
fore, the question of what factors determine the type and
structural characteristics of the formed aggregates remains
unanswered. In our study, we carried out separate experi-
ments to demonstrate the propensity of sw ApoMb mutants
to form any aggregate, irrespective of its structure, and the
propensity to form amyloid fibrils.

Previously, we showed that aggregation of WT sw
ApoMb and its mutants is over in less than 24 h, and all
recorded parameters (ThT fluorescence intensity, shape of
FTIR spectra, and aggregate morphology) reach a plateau
(37,64). However, during this time, some studied proteins
do not completely convert to aggregates. For comparison
of aggregation propensity (i.e., the content of formed aggre-
gates after completion of the amyloid formation process),
we used native electrophoresis (Fig. 4). This method has
allowed for separating the monomeric protein from its ag-

FIGURE 4 Electropherogram of WT sw ApoMb and its mutants after
24 h of incubation at 40°C. Monomeric ApoMb was applied to the last
slot as a control.

996 Biophysical Journal 113, 991-1001, September 5, 2017

Absorption

Absorption

1710 1680 1650 1620 1590
Wavenumber (cm-1)

FIGURE 3 Investigation of structural character-
istics of aggregates formed by sw ApoMb and its
variants. (a) Electron microphotographs, (b)
FTIR spectra, and (c) diffraction pattern of aggre-
gates formed by sw ApoMb V10F.
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gregates. Since the latter are large, heterogeneous, and do
not fully penetrate in the separating gel, it is difficult to reli-
ably quantify them. However, the staining intensity of the
monomer band can be determined with high accuracy, and
serve as a basis for estimating the protein aggregation pro-
pensity. We have reported that the staining intensity of the
monomeric sw ApoMb band shows linear dependence on
the sw ApoMb concentration; this greatly helps in quanti-
fying its aggregation propensity (Fig. S4).

To study the effect of residue substitutions on sw ApoMb
aggregation propensity, after the aggregation process has
completed (24 h), solutions of all the studied sw ApoMb
mutants were subjected to electrophoresis in the absence
of denaturant. To perform a quantitative analysis of their
aggregation propensities, all samples applied onto the slots
were equal in volume and concentration. Table | shows
monomer band staining intensities for WT sw ApoMb and
its mutants after 24 h of incubation.

As is already known, the main factors affecting protein
amyloidogenesis under denaturing conditions are hydropho-
bicity, §-sheet propensity, and the charge of amino acid
residues (25-29). To reveal whether sw ApoMb amyloido-
genicity is dependent on these factors under the used condi-
tions, we plotted the monomer band staining intensities as
functions of changes in hydrophobicity and $-sheet propen-
sity upon point mutations (Fig. 5, a and b) (65,66). Since the
graphs show no correlation between these parameters (r =
0.08 £ 0.05, p > 0.05 for Fig. 5 a; r =0.10 = 0.18, p >
0.05 for Fig. 5 b), it may be concluded that sw ApoMb
amyloidogenesis is not influenced by the above-mentioned
properties under the nondenaturing conditions used. The
data obtained for the mutants with charged residue muta-
tions (E109Y and E109F) are not significantly different
from data for other studied proteins.

Fig. 5 ¢ shows the dependence of the protein aggregation
propensity on fractions of the N and I states under aggrega-
tion-favorable conditions. It is seen that this propensity de-
pends on the stability of the N state relative to the I state,
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A B—propensity

that is, the protein aggregation results from accumulation of
the I state in the solution. The plateau on the graph indicates
that, under the used conditions, the mutants with an I state
population above 25% aggregate almost completely after
24 h of incubation at 40°C.

It was previously shown that a destabilized structure of
the protein and its nonnative conformations in solution
cause its aggregation (1,14,17-19). Hydrophobic groups
making intramolecular contacts in the N state may be
exposed to the solvent in nonnative conformational states,
and form intermolecular contacts. Depending on the amino
acid sequence and solvent conditions, the state of aggregate
precursors can be N-like, I, or unfolded (13,14,18). The
mentioned correlation between sw ApoMb amyloid-form-
ing propensity and the I state population shows that it is
mostly the I state that undergoes aggregation at 40°C and
pH 5.5. Neither residue properties nor localization of the
mutated residue of sw ApoMb affect the protein propensity
to aggregation, which is determined by the extent of protein
structure destabilization up to formation of the I state.

Amyloid-forming propensities of WT sw ApoMb
and its mutants

A specific feature of amyloids is their intrinsic cross-@ struc-
ture. That is why the presence of this structure has been
taken as an indicator of amyloidogenicity of sw ApoMb
and its mutants. For a comparative analysis of secondary
structures of the mutant-produced aggregates, we recorded
infrared (IR) spectra of protein solutions after their incuba-
tion at 40°C (Fig. 3 b).

Solutions of large aggregates are mostly heterogeneous,
therefore aliquots equal in volume can contain different
amounts of the protein, thereby causing differences in
absorption intensities shown by IR spectra. This was the
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reason for B-structure quantifying as the ratio of absorption
at 1620 cm ™' (typical of the cross-8 structure) to that at
1650 cm ™" (typical of a-helices and coil). This allowed us
to avoid sample concentration errors and to compare only
the changes in the spectrum shape. The value of the selected
parameter is informative to the @-structure content in
aggregates (Table 1).

Fig. 6 represents this ratio, depending on changes of
residue hydrophobicity and its B-sheet propensity upon
mutation, and also as a function of the N and I popu-
lations of sw ApoMb mutants under aggregation-favorable
conditions.

It follows from Fig. 6, a and b that sw ApoMb amyloi-
dogenesis is independent of residue hydrophobicity and
its B-sheet propensity (r = 0.06 = 0.05, p > 0.05 for
Fig.6 a; andr = 0.19 = 0.18, p > 0.05 for Fig. 6 b); mostly,
amyloidogenicity of sw ApoMb and its mutants is deter-
mined by stability of the N state in relation to that of the I
state (Fig. 6 ¢). Interestingly, the curve for dependence of
the B-structure content in the aggregates on sw ApoMb sta-
bility is dome-shaped in this case. Hence, there exists an op-
timum of sw ApoMb destabilization, which is characterized
by maximal amyloid-forming propensity, whereas amyloi-
dogenicity of mutant forms with low and high destabiliza-
tion degree is substantially lower. The dependences of
monomer band staining intensities and the A g0:A 650 ratio
have also been plotted on the middle points of pH-induced
transitions C,N-I(pH) (data not shown), and these depen-
dences are similar to those on the fractions of conforma-
tional states f; and fy, represented in Figs. 5 ¢ and 6 c.

These results may be explained by comparison of
Figs. 5 ¢ and 6 ¢, whereby IR and native electrophoresis
data are plotted. It is seen that stable proteins (wild-type
and M131W) form a minor amount of amyloids, thus
demonstrating their low aggregation propensities; after
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incubation at 40°C for 24 h, they remain mostly monomeric.
Strongly destabilized mutants aggregate completely, but
form aggregates with a low cross-g structure content. This
is indicative of two different sw ApoMb aggregation path-
ways realized under the same solvent conditions, that is,
formation of amyloid fibrils and nonamyloid aggregates
in the ratio determined by the stability of the N state in
relation to that of the I state.

DISCUSSION

In recent years, the process of amyloid aggregation is in the
focus of many studies; specifically, reports on the effect of
residue mutation on amyloidogenesis are available in the
literature (13,25-27,36,67-69). Some of these studies are
aimed at revealing the peculiarities of aggregation of
mutated proteins with substitutions underlying human
diseases (67,68). The goal of other studies is examining ag-
gregation mechanisms and approaches to their regulation.
For this purpose, a large number of proteins with mutations
in various regions and diverse substituting residues are used
in experiments (25,26,29). However, it appears that these are
mostly short peptides, intrinsically disordered proteins, and
proteins studied under denaturing conditions that yielded
the mechanisms of aggregation of only unfolded (feebly
structured) polypeptide chains (14,18,25-27,69-71).
Currently, only a few studies describe the aggregation mech-
anism by proteins with secondary and tertiary structures.
The possibility to form amyloids from an N-like state has
been shown for some proteins (12,34,35). The influence of
amino acid substitutions on the rate of aggregation under
N-like conditions was studied for acylphosphatase from
Sulfolobus solfataricus and immunoglobulin light chain
(13,36). For tetrameric protein transthyretin, it was shown
that its amyloid-forming propensity under physiological
conditions proceeds through tetramer dissociation and de-
pends on the stability of the monomeric subunit (38). The
importance of our study lies in the elucidation of the effect
of mutations, both on the propensity for amyloid formation
and on structural characteristics of formed aggregates by sw
ApoMb under nondenaturing conditions.

The effect of residue substitution on sw ApoMb
amyloidogenicity

Studies of aggregation of unfolded proteins and peptides
have shown that their amyloid-forming propensities depend
on the residue properties; specifically, increased hydropho-
bicity and the (§-sheet propensities, as well as a decreased
residue charge, resulted in increased amyloidogenesis.
However, none of these properties has been shown to pro-
duce a notable effect on sw ApoMb aggregation under non-
denaturing conditions, where fibril-forming propensities of
proteins are determined by stability of the N state in relation
to the I state.
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As follows from the obtained results, protein stability de-
termines not only amyloidogenesis, but also the whole pro-
tein aggregation propensity (Fig. 5 ¢). This is explained by
the fact that destabilization of the sw ApoMb N state leads
to an increase in the I state population. As compared to the
N state, the I state contains a number of hydrophobic groups
that are solvent-exposed, and therefore can form intermolec-
ular contacts. Against the backgrounds of this difference,
altered hydrophobicity of one residue plays no significant
role in aggregation propensity of the entire protein. Hence,
in a solution where sw ApoMb exists in different confor-
mations with diverse aggregation propensities, its fibril-
forming propensity is determined by the ratio between
populations of the two states rather than by properties of
an individual amino acid residue.

The | state of sw ApoMb can generate diverse
aggregates

To form aggregates, for many proteins it is necessary to
destabilize their N state; then, nonnative conformations
prone to aggregation appear in the solution (14,17-19). In
the case of sw ApoMb, its I state plays the role of an aggre-
gate precursor (Fig. 5 ¢). However, a polypeptide chain can
form diverse aggregates that differ both in morphology and
secondary structure. Thus it is important to find structure-
determining factors, that is, to understand whether the pro-
cess of aggregation entails conformational rearrangements
yielding the cross-@ structure typical of amyloids or pro-
duces aggregates of a nonamyloid type. Our results show
that structural characteristics of sw ApoMb aggregates
formed under nondenaturing conditions depend on the pop-
ulation of the I state. Mutants with a medium extent of
destabilization of their native structure in relation to the I
form amyloids, whereas strongly destabilized proteins
with an I state population above 40% form both amyloids
and nonamyloid aggregates. Previously, it was demonstrated
that destabilization of the N state is a prerequisite for amy-
loidogenesis (1,16-21). Our results show that destabiliza-
tion of the N state of sw ApoMb is a prerequisite for its
aggregation, but amyloid formation requires a certain extent
of destabilization of its native structure.

What can explain the fact that the same protein conforma-
tion under the same conditions may act as a precursor of
structurally different aggregates? The aggregate structure
formed under certain conditions can be determined by both
thermodynamics (stability) of aggregates and kinetics (ag-
gregation rate) typical of a certain aggregation pathway.
Since protein aggregation is a virtually irreversible process,
it is most probable that the aggregation pathway is indepen-
dent of stability of the formed aggregates, but is rather
determined by aggregation kinetics (72). Amyloidogenesis
includes several sequential steps, such as intermolecular in-
teractions and conformational rearrangements in the formed
aggregates, leading to appearance of the cross-§ structure.



With the considerably increased population of the sw ApoMb
I state (aggregate precursor) in solution, the aggregation rate
can be so high that it exceeds the rate of conformational
changes within the aggregate. This entails formation of
aggregates with a low content or even absence of the 3-struc-
ture. Nevertheless, competition between different aggre-
gation pathways is currently an important and poorly
understood issue in protein physics, the analysis of which
is an intriguing direction of future studies in this field.

CONCLUSIONS

We have presented our experimental data concerning amy-
loid formation by sw ApoMb under nondenaturing condi-
tions. It should be mentioned that currently, only a small
number of publications have reported experimental results
on the mechanism of aggregation of folded proteins under
nondenaturing conditions; these hardly for allow an unam-
biguous conclusion concerning the effect of various factors
on this mechanism (12,13,34-36). Different theoretical al-
gorithms take into account properties of amino acid resi-
dues, free energy change of unfolding, and the structural
context of certain regions in the protein molecule as factors
affecting amyloidogenicity of folded proteins (30,73,74).

The results of our study contribute to the understanding of
sw ApoMb amyloid aggregation under conditions close to
physiological ones. The obtained results show that the key
determinant of sw ApoMb amyloid aggregation is the pro-
tein native structure stability relative to unfolding, whereas
amyloid-forming propensity under nondenaturing condi-
tions is almost unaffected by properties of individual resi-
dues. Here, we have also shown that the protein structure
stability of sw ApoMb determines not only the aggregation
propensity, but also the structural characteristics of formed
aggregates. Thus, we believe that our results can be helpful
for understanding the mechanism of aggregation of proteins
under nondenaturing conditions, and in search for regu-
latory mechanisms of amyloidogenesis.
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