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Charge regulation phenomenon predicted
from the modeling of polypeptide
electrophoretic mobilities as a relevant
mechanism of amyloid-beta peptide
oligomerization

Electrophoretic mobilities of amyloid-beta (1-40) and (1-42) peptides and their aggregates
are modeled to study the amyloidogenic pathway associated with Alzheimer´s Disease.
The near molecule pH generated by the intraparticle charge regulation phenomenon
during the oligomerization of amyloid-beta (1-40) and (1-42) peptides is evaluated and
discussed as a relevant mechanism supporting the “amyloid cascade hypothesis” proposed
in the literature. A theoretical framework associated with the oligomerization of amyloid-
beta peptides including simple scaling laws and the consideration of electrokinetic and
hydrodynamic global properties of oligomers is presented. The central finding is the
explanation of the near molecule pH change toward the pI when the oligomerization
number increases. These results allow one to rationalize consecutive physical stages that
validate the amyloid cascade hypothesis. Concluding remarks involving mainly the effects
of pair and intraparticle charge regulation phenomena on the amyloidogenic pathway with
some suggestions for future research are provided.
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1 Introduction

At present CZE is the suited analytical method [1–6] required
to characterize electrokinetic and hydrodynamic global prop-
erties of polyampholyte-polypeptide hetero-chains through
the modeling of their effective electrophoretic mobilities in
BGEs with well-defined pH, ionic strength I, temperature
T, electrical permittivity ε and viscosity �s as described for
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instance in refs. 7–33. In this regard, proteins and peptides
of biological systems may be studied in different BGEs not
only to separate them efficiently but also to elucidate, for ex-
ample, relevant bioprocesses found in human pathologies.
In fact the evaluations of electrokinetic and hydrodynamic
global properties of these polypeptide chains are unavoidable
steps toward the understanding of key associated biophys-
ical mechanisms. Within this framework a specific case is
Alzheimer´s Disease (AD), in which one of the most prob-
able causes of neuronal activity loss is the toxicity produced
by the formation of soluble amyloid-beta (A�) peptides ag-
gregates mainly from A�(1-42) and A�(1-40). The oligomer-
ization of A� peptides seems to be a consequence of an
imbalance between their production and clearance, where
the relative concentration between apoliproteins E3 and E4
may be crucial [34]. The process transforming A� peptides
(monomers) into higher soluble oligomers and fibril forma-
tions generated the “amyloid cascade hypothesis” associated
with AD [35–37]. The result is an increase in A� peptide sol-
uble oligomers, intermediates, and fibrils with a progressive
formation of extracellular amyloid plaques, where addition
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of new aggregates occurs. In this context the causes promot-
ing A� peptides aggregation need to be elucidated, and one
may conclude that the principal mechanisms yielding extra-
cellular plaques are not fully understood yet. The interest of
the present work is precisely the study of the A� peptide
amyloidogenic pathway through the modeling of effective
electrophoretic mobilities of oligomers as measured via the
CZE method.

The biophysical mechanisms leading to A�(1-40) and
A�(1-42) aggregations may be targeted from two basic scales
[31, 32]. One considers details of peptide primary config-
urations and structures described by the amino acid se-
quence (AAS) and the physicochemical characteristics of
each type of amino acid residue ([38-40] and citations
therein), while the other is concerned with peptide chain
global properties and conformations associated with hydro-
dynamic and electrokinetic effects enhancing peptide ag-
gregation [31, 32]. In the consideration of this scale, CZE
methods may assist one significantly to understand some
of the basic mechanisms of A� peptide aggregation at
different incubation times by providing particle migration
times associated with the detection of monomer and soluble
oligomers [41–50].

This work presents the evaluation of global properties
of the A�(1-40) and A�(1-42) peptides (designated here
monomers) having a number N1 = 40 and 42 of amino
acid residues, respectively, through the modeling of their
effective electrophoretic mobilities obtained via CZE-UV as
provided in ref. 46. These evaluations are then required to
study A�(1-40) and A�(1-42) soluble oligomers with a given
oligomerization number k�1 yielding a hydrodynamic par-
ticle with a number of amino acid residues Nk = kN1. In
this framework, our previous results presented the propen-
sity to aggregation of A�(1-40) and A�(1-42) estimated by
using their electrokinetic and hydrodynamic global prop-
erties and established kinetic theories of Brownian aggre-
gation [31, 32, 51, 52]. For these purposes the Perturbed
Linderstrøm-Lang Capillary Electrophoresis Model (PLL-
CEM) [8, 12, 13, 15, 17, 18, 20, 22, 25, 28, 31, 32] was used by
introducing appropriate modifications allowing us to con-
sider the amyloidogenic pathway. This model’s applicability
to polyampholyte-polypeptide chains has been presented and
discussed in details in the Supporting Information of refs.
31,32 and citations therein. Thus in our work [31] A�(1-37) to
A�(1-40) and A�(1-42) were characterized through the mod-
eling of their effective electrophoretic mobilities determined
via CZE. Then the resulting electrokinetic and hydrodynamic
global properties were used to evaluate amyloid-beta peptide
propensities to aggregation through pair particles interaction
potentials and Brownian kinetic theories. Peptide aggrega-
tion mechanisms of A�(1-40) and A�(1-42) were described
through the interplay among hydration, electrostatic and dis-
persion forces, mainly in what concerns with the coupling
between particle hydration and the near molecule pH desig-
nated pH* (see a physical explanation of pH* in the Support-
ing Information). It was also shown that A�(1-40) and A�(1-
42) formed soluble oligomers, mainly of order 2 and 4 after

an incubation of 48 hours at pH 10, I = 100 mM and 25ºC.
Typical values of the slow kinetic constant in this protocol
were ks =5.4 10−7 and 2.1 10−6 (M−1 s−1) for A�(1-40) and
A�(1-42), respectively. Here ks is expressed via molar con-
centration instead of number concentration [31] as a more
practical unit. Following, we studied [32] the propensity to
aggregation of the A�(12-28) peptide fragment as monomer
and dimer at low pH 2.9 through the modeling of diffu-
sion coefficients reported in ref. 53 and calculated effective
electrophoretic mobilities [32]. The resulting electrokinetic
and hydrodynamic global properties were employed to eval-
uate the amyloid-beta (12-28) peptide fragment propensity
to dimerization. This theoretical analysis demonstrated that
peptide aggregation was a concentration-dependent process,
where both pair particle (PPCR) and intraparticle (IPCR)
charge regulation phenomena became relevant [31, 32] en-
hancing a shift of the near molecule pH toward the peptide pI.
It was shown that the modeling of the effective electrophoretic
mobility of the amyloid-beta (12-28) peptide fragment was
crucial to understand the nucleating effect of the hydropho-
bic region LVFFA in the amyloidogenic pathway, with an
enhancement at a critical value of peptide molar fraction.
Therefore to provide a closure to our previous studies, here
we extend our conclusions [31, 32] to study the effect of the
near molecule pH on the oligomerization of A�(1-40) and
A�(1-42) peptides through the modeling of their elec-
trophoretic mobilities.

In this work, Section 2 describes briefly the CZE proto-
col used in ref. 46 to obtain the experimental electrophoretic
mobility values used in the present study of the amyloido-
genic pathway. Section 2.2 presents a theoretical framework
associated with the oligomerization of A� peptides including
simple scaling laws useful to analyze the electrokinetic and
hydrodynamic global properties of peptide oligomers. Section
3 discusses the calculation of the near molecule pH changes
toward the pI with increasing oligomerization numbers in the
amyloidogenic pathway, thus allowing us to present then a ra-
tionale of possible consecutive physical stages of the amyloid
cascade hypothesis. Also an approximate analysis to consider
the complex ion convection-polarization-relaxation (ICPR)
phenomenon present in the electrophoresis of particles with
high electrokinetic (zeta) potentials is included [23, 52, 54–
58]. Finally, Section 4 provides concluding remarks and
suggestions for future research.

2 Materials and methods

2.1 CZE protocol and electrophoretic mobilities of

A� peptide monomer and oligomers

The experimental electrophoretic mobility values of A� pep-
tides and their oligomers used here were reported in ref.
46 as obtained from a CZE-UV experimental set up. The
running electrophoretic buffer was Tris 10 mM at pH 7.79
with an approximate ionic strength I = 6 mM at 20ºC.
Peptide concentrations were less than 25 �M to assure
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solubility. This experimental work was able to differentiate
A� monomer, oligomers and mature fibrils. The experimen-
tal electrophoretic mobilities of A�(1-40) and A�(1-42) pep-
tide monomers reported were �

exp
p1 = −1.082 10−8 m2/V s and

−1.072 10−8 m2/V s, respectively. Since the A�(1-40) was pre-
viously incubated in PBS at pH 7.4 and 37ºC during 7 days
(see details in refs. 45, 46) the CZE electropherogram also
presented a second peak of intermediate oligomers (k�1)
with �

exp
pk = − 2.39 10−8 m2/V s. On the other hand the A�(1-

42) without incubation time also presented a second peak
associated with the electrophoretic mobilities of oligomers
having �

exp
pk = − 2.29 10−8 m2/V s. Further, Picou et al. [46]

showed via transmission electron microscopy that in the sec-
ond peaks of the A�(1-40) and A�(1-42) electropherograms
soluble aggregates were present. In this regard, previous
experimental works indicated that although the oligomer-
ization process of monomer A� peptides could be acceler-
ated depending relatively on the type of solvent used dur-
ing the sample pretreatment [49,59], the resulting oligomers
(k�1) had almost the same effective electrophoretic mobil-
ity for fixed sample pretreatment and CZE protocol (differ-
ent oligomerization numbers yielded quite equal migration
times) [42]. This result was clearly reflected in the difficulty
found to separate mixtures of oligomers generated at dif-
ferent sample incubation times as it was discussed in the
literature [42, 45, 46, 49, 50]. These experimental facts cer-
tainly involve subtle phenomenological mechanisms to be
elucidated, which may provide some explanations associ-
ated with the oligomerization process. Thus it will be shown
that the separation of the monomer from the corresponding
oligomers is crucial to analyze the approximate scaling laws
discussed in Section 2.2.2. These considerations justify here
the use of the experimental results provided in ref. 46, where
the balanced mixture of trifluoroacetic acid and hexafluoroiso-
propanol solvents used for sample pretreatment was appro-
priate to separate monomer from oligomers at the indicated
CZE protocol.

2.2 Theoretical analyses

2.2.1 The amyloidogenic pathway and stoichiometry

The AAS of the A�(1-42) is DAEFRHDSGYEVHHQKLVF-
FAEDVGSNKGAIIGLMVGGVVIA. In the AAS of A�(1-40)
the amino acid residues I(41) and A(42) are not present.
In general the oligomerization of peptide chains is a
concentration-dependent process that may be visualized from
different thermodynamic and kinetic theories [31, 32, 53].
Here we study the oligomerization of A� peptides forming a
mixture of a monomer (k = 1) and its oligomers (k � 1) which
are considered as species having oligomerization number k =
1, 2, 3 . . . K in the BGE, where 1, 2, 3 . . . K stand for monomer,
dimer, trimer to K-mer, respectively. Throughout the text sub-
script k is used to indicate that a property or parameter of the
model is evaluated at the oligomerization number k (see also
the list of symbols in Supporting Information). The oligomer-
ization of A� peptides are soluble aggregates where covalent

bonds do not occur and the amino and carboxylic terminal
groups of the monomer chains are preserved in the resulting
oligomers.

2.2.2 Electrokinetic and hydrodynamic global

properties of monomer and oligomers

Based on our previous works [28,31,32] monomers (k = 1) and
oligomers (k � 1) of A� peptides may be described through
a set of electrokinetic and hydrodynamic global properties
as follows (see list of symbols in Supporting Information):
effective Zk = Z+k − |Z−k|, positive Z+k, negative Z−k and
total ZTk charge numbers, approximate hydration number
Hk (number of water molecules per monomer or k-oligomer
calculated through the hydration function in refs. 15, 18) or
particle hydration �k (gram of water/gram per monomer or
k-oligomer), particle size estimated via the equivalent Stokes
hydrodynamic radius aHk, compact radius ack accounting the
peptide mass only, friction ratio �k (also designated parti-
cle asphericity) where both the stick and slip conditions be-
tween fluid and hydrated particle may be considered [28],
near molecule pH designated pH∗

k due to both IPCR and
PPCR phenomena [31, 32]. In addition the hydration num-
ber is Hk = Hok + Hdk [18, 60], where Hok is the number
of water molecules captured by amino acid residues of the
AAS [15], while Hdk is the number of water molecules due to
the degree of water occluded or released by either monomer
or k-oligomer [31, 32, 60]. Since a k-oligomer is composed
of k monomer chains, some simple relationships between
them may be established by observing that the number of
i-type of amino acid residue in the k aggregate is nik = k ni1,
which are also classified as weak ionizing, polar and non-
polar amino acid residues [15]. Then the total number of
amino acid residues per aggregate is Nk = ∑

i nik, the aggre-
gate molar mass is Mk = k M1, where the monomer molar
mass is M1 = ∑

i ni1Mi + 18, and the i-type of amino acid
residue molar mass is Mi. It is also clear that �k = Hk18/Mk.

The peptide characterization also requires the evaluation
of pH∗

k through the following expression [8, 13, 15]:

pH∗
k = pH + e�k/ln(10)kBT (1)

where kB is Boltzmann constant, e is the elementary charge
and �k is the zeta potential. As long as the hypotheses of the
PLLCEM apply [8] the zeta potential may be estimated from
�k ≈ eZk/4	 ε aHk(1 + 
 aHk) where Zk = ∑

i nikZikis the ef-
fective charge number for k = 1 to K when i sums only
the i-types of weak ionizing amino acid residues (Arg, Lys,
His, Asp, Glu, Tyr and Cys) including terminal amino and
carboxyl ionizing groups. Here 
 = (2Ie2NA103/ε kBT)1/2 is
the Debye-Hückel parameter, Zik = ±1/(1 + 10∓(pKir−pH∗

k)) is
evaluated at pH∗

k and also involves the reference pK desig-
nated pKir [15] of the i-type of weak ionizing amino acid
residues, and NA is Avogadro constant. These expressions
show clearly that in order to define the electrostatic state
of a polyampholyte chain one needs the effective charge
number and the equivalent Stokes hydrodynamic radius
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which are implicit functions of pH∗
k. In addition the hy-

drodynamic volume (4	 a3
Hk/3) of monomers (k = 1) and

oligomers (k � 1) is equivalent to the sum of the whole
compact peptide volume plus the hydration volume giving
aHk = (3Mk(vp + �kvw)/4 	 NA)1/3, where vp and vw are pep-
tide and water specific volumes, respectively [12]. From the
above expressions it is clear that for any k-oligomer, one can
define a similar set of hydrodynamic and electrokinetic global
properties as those of proteins and peptides reported in our
previous works [28, 31, 32].

In this framework the chain-solvent friction coefficient
of monomer and oligomers is fk = 6 	 �s aoNgfk

k for k = 1 to
K [20, 22, 25], where the fractal friction dimension gfk is in
the range 1/3 � gfk � 1 involving the collapsed globule and
the free draining chain at the extremes, respectively, and ao

is the average radius of amino acid residues in the AAS [18].
The definition of particle asphericity �k = 6 	 �s aHk/fk

is the relevant information sensitive to hydration, size and
shape of peptides visualized as different types of hydrody-
namic particles [20,25]. Also concerning the physical interplay
between particle shape and hydration as a function of pH∗

k and
following our previous works [18,20,22,31,60] one may con-
sider the minimum �k sampled by the particle (Hdk = 0 and
�k � 1) and the maximum �k physically admissible (Hdk �

0 and �k = 1) where in both cases the stick boundary con-
dition between particle and solvent is satisfied. Partial BGE
slip on particle surface applies when �k � 1 with Hdk = 0 for
both spherical and aspherical hydrated particles [28,31,60]. In
this case Hdk � 0 is required to obtain BGE stick on particle
surface with �k = 1 as far as aHk ≥ ack can be satisfied.

Since CZE data concerning the amyloidogenic pathway
of soluble aggregates show a second peak in the electrophero-
gram involving oligomers having almost the same �

exp
pk apart

from the monomer peak (Section 2), these phenomenological
aspects require further explanation concerning the change of
the pH∗

k in the aggregation of peptides. It is clear that when
the charge regulation phenomenon is considered, one expects
changes of the electrokinetic and hydrodynamic global prop-
erties to keep consistency with experimental facts. We may
anticipate here that the consequences of keeping almost the
same electrophoretic mobility values of soluble aggregates as
k increases, implies systematic shifts of pH∗

k toward the pI =
5.44 (this pI is the same for any k value). Also at an appropri-
ate concentration the propensity to aggregation is enhanced
due to the PPCR phenomenon for any k value as inferred
when one applies to oligomers the results reported in ref [32]
for a dimer formation from two monomer fragments.

Before ending this section, it is interesting to analyze the
zeta potential for the ideal case in which the charge regulation
phenomenon is assumed small (pH∗

k ≈ pH) and hence the
three additional relations apply for the k-oligomer: Zk ≈ k Z1,
Hk ≈ k H1 and aHk ≈ k1/3 aH1. These relations readily yield
�k ≈ �1(1 + 
 aH1) k/(k1/3 + 
 aH1k2/3) for any oligomer indi-
cating that the zeta potential becomes higher as the oligomer-
ization number increases, satisfying the asymptote �k ∝ k1/3.
The relevant result from these approximate expressions is
that the oligomerization process affects the aggregate zeta

potential and the pH∗
k also changes with k indicating that

pH∗
k ≈ pH is a rather gross approximation. In fact, for a bulk

pH around 7.3 to 7.4 of the cerebrospinal fluid and plasma,
respectively, and knowing that both A�(1-40) and A� (1-42)
have pI = 5.44 [31, 32] it is clear that �1 � 0, and still within
similar hypotheses one gets from Eq. (1),

pH∗
k ≈ pH − e |�1| (1 + 
 aH1)k/(k1/3 + 
 aH1k2/3)/ln(10)kBT

(2)

Equation (2) shows that pH∗
k → pI when k increases and

consequently Zk → 0. The same pH∗
k tendency applies when

pH � pI and �1 � 0 as shown for proteins and peptides in
refs. 26,60. Thus oligomers can start to collapse together at a
critical k value. Concomitantly a critical monomer concentra-
tion is also required because the PPCR is a concentration-
dependent phenomenon as described previously [32].
Section 2.2.3 demonstrates that the approximate scaling laws
presented above provide a rapid visualization of main elec-
trokinetic results (Section 3) obtained through numerical so-
lutions of effective electrophoretic mobility models consider-
ing both the IPCR phenomenon due to the oligomerization
process, and the ICPR phenomenon at high zeta potentials.

2.2.3 Calculations of monomer and oligomer global

properties

The calculations of peptides global properties are carried
out in the framework of the equivalent spherical particle
model for aspherical particles [12], where the zeta poten-
tial of the actual particle is assumed similar to that found
in the equivalent spherical particle with the same hydrody-
namic volume. Therefore, for the range of low zeta poten-
tials, global properties may be evaluated through the PLL-
CEM valid for polypeptide chains. In this regard, to visualize
better the basic procedure, the use of dimensionless parame-
ters involving the electrophoretic mobility of these particles is
appropriate as reported in [18, 20, 25, 52, 54]. Thus functions
Yk = Yk(Xk,Pk) of the dimensionless electrophoretic mobility
Yk = 3�

exp
pk �s e/2�kε kB T, zeta potential Xk = e�k/kB T and

Stokes hydrodynamic radius Pk = 
 aHk for an oligomeriza-
tion number k show that for rather small particles (Pk � 3),
the Hückel branch is obtained from Henry´s theory when the
dimensionless zeta potential satisfies Xk � 2.5. These results
allowed us to consider simply the effects of particle asphericity
�k 	= 1 in the coordinate Yk [18,20]. On the other hand when
the dimensionless zeta potential becomes high (Xk � 2.5),
the ICPR phenomenon is important in CZE [23, 54–58].
For these cases we carried out an approximate correc-
tion of basic calculations by using previous numerical re-
sults of functions Yk = Yk(Xk,Pk) within the full range
of Xk (see calculation steps in Supporting Information).
Thus dimensionless parameters involving the electrophoretic
mobility of these particles were used by observing that
Yk and Pk could be estimated directly from �

exp
pk value,

and also from both asphericity �k and hydrodynamic ra-
dius aHk provided by the PLLCEM for a first iteration.
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Here we assumed that the particle asphericity did not
change with the appearance of ICPR. These considera-
tions allowed us to obtain Xk, and hence �k, from the
numerically computed parametric curves Yk = Yk(Xk,Pk)
reported in refs. 52,54. Therefore when Xk � 2.5 the �k value
calculated from the PLLCEM differed from that provided by
numerical curves indicating that ICPR was significant around
the translating particle at the k level of oligomerization. Then
successive iterations of calculations were carried out with the
new zeta potential, thus affecting the particle hydration and
size until convergence was achieved when �k values obtained
from two successive iterations became stable. We observed
that the ICPR phenomenon had an important effect on the
pH∗

k mainly when peptide oligomerization occurred increas-
ing Pk and Xk. This phenomenon was associated with the
range of high zeta potentials causing a substantial shift of
pH∗

k value toward the particle pI. The numerical procedure to
correct global properties due to ICPR effects used fixed values
of �

exp
pk and �k as input data; the former was an experimental

data while the latter was provided by the corresponding PLL-
CEM code, which could sample spherical or aspherical par-
ticles for different hydration states within the physical limits
allowed (see numerical scheme in the Supporting Informa-
tion). Here in particular we place emphasis on the aspherical
particle case at minimum hydration, which is more compat-
ible with the beta sheet formation of A� peptides. In fact
our calculations indicated that the spherical particle case was
rather unexpected due to the high particle hydration required
to meet the physical conditions for this shape (Section 3).
For instance Supporting Information Tables S2 and S4 show
that to satisfy the spherical shape, �k values of the order 10
are required when k = 20, while the aspherical case coun-
terpart gives a value around 0.4. At the extreme of very high
unexpected values of �k, the shifts of pH∗

k almost disappeared
(Supporting Information Fig. S1).

3 Results and discussion

Figure 1 shows numerical predictions of Yk versus Xk of
A�(1-42) monomer (k = 1) and its oligomers (k = 2-20) when
the PLLCEM includes the correction of the zeta potential due
to the ICPR phenomenon. From this figure it is clear that
these effects start to be significant for around k � 5, where re-
sults diverge from the asymptotic straight line Yk = Yk(Xk,Pk)
found for Xk � 3 and Pk � 3, satisfying the Henry-Hückel
branch. Therefore this straight line is not a solution for the
electrophoretic mobilities of oligomers with high values of k.
Further as the oligomerization number increases, a remark-
able change of the near molecule pH is observed in Fig. 2.
This figure shows that pH∗

k is a decreasing function of k, as
predicted by the PLLCEM with and without the consideration
of the ICPR phenomenon, when aspherical particles sam-
pling conformations for �k 	= 1 and Hdk = 0 are considered.
These conformations with a significant asphericity (�k � 1)
are compatible globally with chain beta-strands assembled
into beta-sheet structures as expected (Supporting Informa-
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Figure 1. Numerical results (�) of dimensionless electrophoretic
mobility Yk = 3�

exp
pk �se/2�k�kBT as a function of dimen-

sionless zeta potential Xk = e�k/kBT parametrically with the
dimensionless Stokes hydrodynamic radius Pk = 
aHK for
k = 1–20, at 20ºC when pH 7.79 and I = 6 mM. Full lines are
numerical results reported in [52,54].
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Figure 2. Near molecule pH (designated pH∗
k) of monomer (k =

1) and oligomers (k > 1) of A�(1-42) as a function of the oligomer-
ization number k at 20ºC when pH 7.79 and I = 6 mM. Symbol (�)
indicates calculations where ICPR effects were neglected. Sym-
bol (◦) refers to calculations where ICPR effects are considered.
Dashed line indicates pH∗

k = pI valid for any k value. Aspheri-
cal particles sampling conformations with �k 	= 1 and Hdk = 0 are
considered.

tion Fig. S2). In this context one may visualize that for high
k the relative displacement of positive and negative electrical
charge centers due to ICPR cannot be neglected when one
needs to estimate the rather high zeta potentials around the
translating particle yielding also a significant shift of the pH∗

k

towards the pI = 5.44. Further when this phenomenon is ne-
glected, one still visualizes that pH∗

k → pI, as shown in Fig. 2
and also indicated in our previous works for proteins and pep-
tides at different bulk pHs from either left or right limits of
the analyte pI value [26,60]. Nevertheless, the pH∗

k approaches
the pI less sharply for increasing k, thus validating comments
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in Section 2.2.3 where the need to carry out a correction to the
PLLCEM results at high values of k was proposed. It is then
evident that the PPCR and IPCR phenomena, as a result of
the presence of positive and negative weak ionizing groups
in the chain, cannot be neglected in general to estimate the
electrostatic state of proteins and peptides, mainly to study
pair particle interactions when the particle concentration
reaches a critical value. In this regard, some physical conclu-
sions emerge from our previous and present works [31, 32]:
(i) both the IPCR and the PPCR phenomena produce shifts
of pH∗

k toward the chain pI value, (ii) the PPCR may be con-
sidered equivalent to the IPCR when the jointing particles
are effectively aggregated (oligomerization occurs on contact)
and (iii) as k increases the pH∗

k produced by the IPCR is still
lower and closer to the pI than those of the corresponding
monomers and previous aggregating pair particles. This sys-
tematic lowering of the pH∗

k for increasing k can be associated
with the amyloid cascade pathway. Thus when pH∗

k becomes
rather close to the pI, the precipitation of the aggregates may
be expected for critical peptide concentration and oligomer-
ization number, at which the previous required enhancement
of the PPCR phenomenon occurs.

Numerical values of electrokinetic and hydrodynamic
global properties of the monomers A�(1-40) and A�(1-42)
peptides (k = 1) and their oligomers (k = 2 to 20), obtained
from the PLLCEM without and with correction due to ICPR
phenomenon are presented in the Supporting Information
Tables S1 to S6 . From these calculations one observes that
the values of electrokinetic global properties of A�(1-42) and
A�(1-40) are quite similar. These results are expected [31] be-
cause these peptides differ in two hydrophobic neutral amino
acids residues only (Ile and Ala). In this regard, we already
showed [31] that one reason for the major propensity to aggre-
gation of A�(1-42) was due to the higher repulsive hydration
force present in the pair particle interaction potential of the
A�(1-40). In fact the A�(1-42) is less hydrated and more hy-
drophobic than A�(1-40). This last analysis shows that before
the IPCR phenomenon occurs in soluble oligomers promot-
ing the precipitation of amyloids beta peptides for high k,
a favorable condition involving the imbalance among hydra-
tion, electrostatic and dispersion forces must be satisfied to
get the particles close enough, thus allowing the switch from
interacting pair particles to jointed particles.

Particular results are obtained in the aggregation of two
monomers yielding a dimer. Thus, A�(1-40) and A�(1-42)
oligomers present �k � 1 for k = 2 only (see Supporting
Information Tables S1 and S3 and Fig. S2) indicating that
a surface slip occurs between particle and fluid [28]. This
result is compatible with the low values of the fractal fric-
tion dimensions calculated (gfk ≈ 0.36 for both peptides) rep-
resenting a rather compact structure approaching the col-
lapse globule regime [20,22]. This is consistent with previous
studies [61] showing that monomers present the chain re-
gion (10-24) associated with either alpha-helix or beta-strand
conformations between two beta turns, where the later mo-
tif is the one yielding a rather low energy compact dimer
forming structurally organized beta-sheets, including also the

beta-strand end-terminal region of monomers. In this regard
one may speculate here from values of global properties that
k = 2 involves a rather particular nucleating state of oligomer-
ization. Similar conclusions for k = 2 may be obtained from
Supporting Information Tables S2 and S4 when the less prob-
able spherical particles are sampled, where less water oc-
cluded is required having lower aHk and gfk, and remarkably
with Hdk = Hk − Hok � 0 because �k � 1 must be reduced
to �k = 1.

From our preliminary calculations above, the following
rationale concerning the steps leading to oligomerization
emerges. By starting from around pH 7.3 to 7.4 and chain
pI = 5.44, any increase of monomer concentration from the
normal values yields an enhancement of the pH∗

k shift toward
the pI via the PPCR phenomenon, increasing the propensity
to aggregation of A� peptides [31, 32] as long as the hydra-
tion and repulsion interaction potentials are less than the
dispersion attractive interaction potential to promote “sus-
pension instability” (mainly A�(1-42) with lower hydration
repulsion force). In this regard, the chain properties required
are relatively high average hydrophobic index, low �k, Hk and
Zk, as well as the presence of the ICPR phenomenon as k
increases [31]. Therefore consecutive oligomerizations (k in-
creases) push further the pH∗

k shift toward the pI value via the
amplified IPCR that is increasing even more the propensity to
aggregation of the higher oligomers (Supporting Information
Figs. S3 and S4). Consequently if a relatively high monomer
concentration is maintained in this process, the “amyloid
cascade” generating oligomers with higher oligomerization
number k is viable. Since this conclusion is obtained from
a normal value of bulk pH, one may indicate in addition
that any lower pathological pH (typically found in “acidosis
processes”) may shorten the time required for the pH∗

k to ap-
proach the pI value during the steps described above in the
amyloidogenic process.

Finally the important role of the IPCR phenomenon for
increasing k in the “amyloide cascade” may be visualized
simply by comparing the wild effective charge number (clas-
sically estimated through the AAS only) and the calculated
with and without the ICPR, as illustrated in the Supporting
Information Tables S1 to S6 and Figs. S3 and S4.

4 Concluding remarks

The evolution of the near molecule pH generated by the
PPCR and IPCR phenomena during the oligomerization of
A�(1-40) and A�(1-42) peptides is one of the relevant mech-
anisms involved in the amyloidogenic pathway. Simple scal-
ing laws validate the trend of numerical results obtained
for electrokinetic and hydrodynamic global properties of A�

oligomers. Thus the change of the near molecule pH toward
the pI for increasing oligomerization number is the central
finding in the present work. These results allow one to ratio-
nalize consecutive physical stages making physically viable
the “amyloid cascade hypothesis” presented in the literature.
To arrive at definite conclusions on these mechanisms, more

C© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com
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experimental information is desirable concerning the evalua-
tion of effective electrophoretic mobilities of A� peptides and
their oligomers at different incubation times in the same BGE
as that of the CZE run. These additional results will be useful
to expand the study of the slow aggregation kinetic constants
and the amyloid pathway as a rate dependent process.
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