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Abstract. Pulsed field gradient nuclear magnetic resonance technique was applied to measure the
self-diffusion coefficient of AP, ,, peptide in trifluoroethanol (TFE) and mixed solvent TFE—water
(D,0) buffer (pD 7.8) at 293 K. The data were analyzed on the basis of the Stokes model and the
hard- sphere approach was used to estimate self-diffusion coefficients. It was found that the extent
of the AP, ,, aggregation in TFE solutions depends on the concentration of the peptide and the sample
preparation protocol. After soft mixing, i.e., without any additional mechanical pretreatment of the
peptide, the peptide is present in the monomeric form in TFE solutions. However, the additional water-
bath sonication of the sample during the dissolution of A, ,, in TFE enforces oligomerization of the
peptide with the size of aggregates ranging from tetra- to hexamers. An increase of D,O in the mixed
TFE-D,O solvent of up to 75% leads to the aggregation of the large part of the peptide. However,
the components of self-diffusion coefficients related to low-mass AP, ,, oligomers (dimers and trim-
ers) were not observed in the diffusion decay curves. The most probable explanation is that dimers
and trimers are not the principal intermediate species in the aggregation of AP, ,, peptide.

1 Introduction

Alzheimer’s disease (AD) is a chronic dementia, affecting an increasing part of
the human population [1-3]. Along with the mature onset diabetes and prion-
transmissible spongiform encephalopathies, AD belongs to a category of amy-
loid diseases, which are all categorized by an abnormal folding of normally
soluble peptides into neurotoxic aggregated structures [3—5]. The key event in
AD is the metabolism of the amyloid precursor protein to the amyloid-f (APB)
peptide and the subsequent deposition of aqueous AP-containing aggregates as
amyloid plaques or fibrils in the brains of patients [3—5]. This 39-42 amino acid
peptide has been linked to the apoptosis of neuronal cells, and its neurotoxicity
seems to be closely related to the pathological conversion or “misfolding” from
the normal nontoxic globular or “natively unfolded” structure into toxic aggre-
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gates, a process not yet understood, despite recent progress [3—6]. An important
feature seems to be that AP peptide is released as a monomeric soluble peptide,
but requires a minimal level of aggregation to exert its neurotoxic action [3-8].
Due to the complexity and dependence of this process on physiological param-
eters, various models for fibril formation are discussed. Structural and biophysi-
cal studies of the self-assembly of AP peptide into fibrillar structures found this
process strongly dependent on the physical conditions [3-8]. While earlier stud-
ies proposed antiparallel-B-sheet structures for the amyloid fibrils, more recent
work indicates an in-register, parallel organization of B-sheets propagating and
twisting along the fibrillar axis [9]. However, there is growing evidence that the
toxic agent is not the mature fibrils themselves, but oligomeric and protofibrillar
AB-structures which can be associated with the neuropathological events caus-
ing the deterious conditions of AD patients [4, 8]. Recently, the discovery of
various soluble amyloid oligomers having a common structure, independently of
their location in extracellular or intracellular compartments, brought new insight
into possible mechanisms of toxicity. However, there is still no common view
how globular and nonfibrillar AR which is continuously released during normal
metabolism, can exert its cytotoxic action by forming toxic aggregates.

One approach to obtain insight into this process is the study of AP peptide
in water solution, where it was shown to associate into oligomeric aggregates
[3, 4]. Here we study the first steps of the peptide aggregation in bulk solution,
as a model for its in vivo aggregation process (preaggregation) in tissues. This
preaggregation phenomenon can usually be proposed as oligomer formation in-
cluding a small number of peptides as the first and important step of fibril for-
mation. Since these early events are not studied in detail, we used nuclear mag-
netic resonance with pulsed field gradient (PFG NMR) which is sensitive to the
aggregation process and to the size of aggregates. The method can provide di-
rect and rather simple relation of the molecule (aggregate) molecular mass and
the corresponding diffusion coefficient [10—16]. For example, Graslund and co-
workers [11, 12] investigated the A,,,; fragment in water solutions and found
that the peptide exists in the monomeric, random coil conformation. Tseng and
coworkers [17] also showed that the peptide is mostly monomeric. Hou and
coworkers [18] demonstrated that the peptide is predominantly monomeric at
neutral pH. Narayanan and Reif [19] studied diffusion of AB,,, in water solu-
tions with varying NaCl concentrations and obtained the peptide diffusion coef-
ficient corresponding (with a spherical Stokes model) to the molecular weight
of 20.8 kDa. They concluded that A, exists in equilibrium with higher oligo-
meric state structures and that the peptide appears to adopt on average a tet-
rameric oligomeric state. In this report, we present the aggregation behavior of
AP in membrane mimicking TFE and water, where we found a variable specific
aggregation pattern during the initial state of the aggregation process.
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2 Theory

The diffusion coefficient D of a protein in solution can be calculated with the
Stokes—Einstein hydrodynamic equation for a hard sphere moving in a viscous
liquid

kT kT

7R’

where k is the Boltzmann constant, 7 is temperature, f is the translational fric-
tion coefficient, n is viscosity of the solvent, R is the sphere hydrodynamic ra-
dius. With the hard-sphere approximation, D of a particle with a mass M in so-
lIution can be described by the following equation [20]

4N
D= Tk 3 Appmt , (1)
6nn \|3MV2+6,V1)
where p,., is the particle density, N, is the Avogadro constant, V1 is the par-
ticle specific volume, V2 is the partial specific volume of the solvent, §, is the

fractional amount of solvent bound to the particle. Clearly, calculation of M from
D requires the values for 7, v,, and 9, to be known.

3 Experimental Part
3.1 Materials and Samples Preparation

Amyloid-B, ,, peptide (DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMV X
GGVV) wild type M, = 4331 was synthesized by standard solid-phase FMOC
(peptide synthesis with a conductivity monitoring unit utilizing 9-fluorenylmethoxy-
carbonyl amino acid derivatives) chemistry, subsequently purified by high per-
formance liquid chromatography and found to be over 90% pure by MALDI-
TOF (matrix-assisted laser desorption—ionization mass spectrometry) mass spec-
troscopy. TFE (trifluoroethanol-d,) from Larodan Fine Chemicals AB with deu-
teration level 99% was used. At 293 K is has a density of 1373 kg/m? and vis-
cosity of 1.35-1073 Pa-s. D,O from Larodan Fine Chemicals AB: density 1110
kg/m?, viscosity 1.24-1073 Pa-s was used. Peptide was stored in a refrigerator
at —55 °C. For preparation of the TFE solution the required amount of the pep-
tide and TFE were mixed. Measurements were started after 15 min of mixing.
Additionally protonated TFE was also measured for comparison and identifica-
tion of the TFE signal in solution. For the studies with water the D,0 buffer
(10 mM TRIS, 10 mM KCI, 0.5 mM EDTA, pD 7.8) was used.
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3.2 PFG NMR Technique

Most of diffusion measurements were performed on a Varian/Chemagnetics CMX
Infinity spectrometer at 100 MHz for 'H, equipped with a PFG probe (Cryo-
magnet systems, Indianapolis, IN). The standard stimulated echo pulse sequence
was applied. The value of the PFG was set constant (g = 1.15 T/m), and the
duration of the pulse § was varied in 10 to 32 steps while all other variables
were held constant. The signal was accumulated for 16 to 320 scans, Fourier-
transformed into spectra. These were integrated and fitted into decays to obtain
the diffusion constant D. Additional experiments were performed on a homebuilt
NMR spectrometer operating at 'H NMR 300 MHz (Kazan, Russian Federation).
Diffusion decays were obtained as dependences of the spin-echo amplitude on
the pulsed magnetic field amplitude, which was varied stepwise from 0 to the
maximum value of 5 T/m. Additional experiments showed the independence of
the diffusion coefficient of the diffusion time, which was varied between 60 and
100 ms.

For the stimulated echo pulse sequence used the diffusion decay of the echo
amplitude 4 can be described by the relation [21]

A= éexp[—i—j}exp(%Jexp(—y252g2D(A - %)J,

where the initial echo amplitude (without the magnetic field gradient) is deter-
mined by the longitudinal and transverse NMR relaxation times (7, and 7,) and
I is a factor proportional to the proton content in the system, ¥ is the gyromag-
netic ratio, A is the time interval between the two gradient pulses, ¢, = (4 — &/3)
is the diffusion time, and D is the self-diffusion coefficient. All measurements
were performed at 293 K.

4 Results

The typical diffusion decay curves obtained by the PFG NMR technique for TFE-
buffer mixture are presented in Fig. 1. The diffusion decay for buffer (circles)
is nonexponential due to the presence of several types of molecules, HOD and
other buffer components. However, the main reason of the nonexponentiality is
the difference in the diffusion behavior of HOD and TFE molecules (Fig. 1,
dashed and solid lines, respectively). The populations determined for both diffu-
sion components are close to the theoretical ratio of HOD and TFE components
in the mixture. However, the values of diffusion coefficients are slightly differ-
ent compared to the ones obtained in neat liquids of each component, due to
the additional solution interactions as known for liquid mixtures. The mean dif-
fusion coefficient is given by
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Fig. 1. 300 MHz 'H NMR diffusion decays of D,0 buffer pH 2.0 (TRIS HCI) (circles), and of a
mixture TFE-D,0O buffer pH 2 with about 20 wt% of TFE (triangles). Dashed and solid lines corre-
spond to HOD traces in D,0O (2-107° m?%s) and the TFE (6.7 107! m?%s) diffusion, respectively.

where P, and D, are the fractions and the partial diffusion coefficients, respec-
tively. Taking into account that for a single unique diffusion coefficient of AR,
monomers as calculated according to Eq. (1), the diffusion decay has a smaller
slope than that for the components of the solvent, one can reliably separate the
NMR signal risen from protons in Ab,,, peptide from all other components in
the NMR experiment. The diffusion coefficients of pure and mixed solvents are
much larger than the diffusion coefficient of the peptide, so the latter can reli-
ably be measured even under the condition of a severe line broadening. In prin-
ciple, the analysis can be performed without the standard procedure of Fourier
transform, i.e., by analyzing the shape of the echo decay.

4.1 Self-Diffusion of AP, ,, Peptide in TFE Solution

Two different solutions have been prepared. In the first preparation of A,
peptide (soft mixing) the peptide powder was suspended in TFE without any
additional mechanical pretreatment. In the second preparation (sonication), the
sample tube was sonicated in a water bath for 15 min upon mixing the peptide
with TFE solvent. In both cases NMR measurements were started immediately
after the sample preparation. In both cases, with and without sonication of the
solution peptide, solutions were transparent and no changes in the turbidity could
be observed during several days at room temperature.

Figure 2 shows the NMR diffusion decay curves for the sample of AP,
solution in TFE prepared without sonication. The decay can be described as a
sum of two exponentials with the diffusion coefficients D, ~ 2-107° m?%s and
D, = (1.35£0.1)- 107" m?%s, where D, and D, are diffusion coefficients of the
solvent molecules and monomers of AP, peptide, respectively. This decay curve
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was reproducible during several days from the sample preparation up to the end
of the experiment.

Fully deuterated TFE molecules do not contain protons in —OD and —CD,
groups. However OD~ can exchange OH™ in AB,,, peptide and in water mol-
ecules associated with peptide after lyophilization. AP, ,, contains a number of
amino acid residues with exchangeable protons in hydroxyl groups with a por-
tion of about 22%. Because the solvent is in excess, all the exchangeable pro-
tons will have access to TFE solvent. Surprisingly, at 20 °C the value of D, in
the decay (Fig. 2, dashed line) does not correspond to the diffusion coefficient
of TFE (6.7-107'° m?s), but is closer to D of water (about 2-107° m?/c). An
explanation might be the presence of adsorbed (bound) water in initially dry
lyophilized peptide powder in quantities comparable with exchangeable protons
of TFE (1 of 3, i.e., 33%). The real populations of diffusion components in Fig.
2 are different from the estimated ratios of protons of the peptide in TFE and
AB,, peptide. These are conditioned by the accelerated transverse NMR relax-
ation of protons of the peptide as well as by the presence of water molecules,
which were not taken into account.

The diffusion coefficient of monomers of AP, ,, peptide was calculated to-
gether with the hydrodynamic radius for AP,,, with Eq. (1) and further com-
pared with D, obtained from the 'H NMR diffusion decay (Fig. 2). The values
taken in these calculations were 7= 293 K and 7 = 1.75-107% mPa-s [16].
The estimated values of the hydrodynamic radius R and the diffusion coeffi-
cient of AR, ,, monomers are 1.1-107° m and 1.42-107'° m?%s, respectively. This
calculated value for D is quite close to the experimentally obtained value in
our experiment (1.35%+0.1)- 107 m?/s. Thus, these results clearly indicate that

A(9)/A(0)

10972252ty

Fig. 2. 300 MHz 'H NMR diffusion decay of AP,,, peptide in TFE solution (3 mM/l, 0.99 wt%)

prepared by soft mixing (without sonication). The measurement parameters are d = 0.36 ms, ¢ = 2.5

ms, t; = 61 ms, and g = 0-5 T/m. Dashed lines, slopes corresponding to D, ~ 2-107° m?%s (solvent

diffusion coefficient) and D, ~ 1.35-107'° m?%s (the diffusion coefficient of AB, ,, monomers). Solid
line, sum of the two components.
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Fig. 3. 100 MHz '"H NMR diffusion decay in the sonicated sample of AP, ,, peptide of TFE solution

(69 uM/l) (triangles). The measurement parameters are g = 1.5 T/m, t =4 ms, ¢, = 100 ms, and

0 = 0.1-3 ms. Dashed lines, D = 1.42-107"° m%s (A, 4, monomers) and D, = 6.7-107'* m?*/s (TFE).

Dotted line, D = 7.8-107'° m?%s, which is close to the calculated diffusion coefficient of A, ,,
hexamers. Stars, data points are taken from Fig. 2.

for the case of soft mixing of AP, ,, peptide in TFE, the peptide is present in
the solution in the monomeric form and can be described by the model of a
hard sphere with a radius R. In addition, the lyophilized peptide contains some
adsorbed water, which governs the mean diffusion coefficient of the component
in the '"H NMR diffusion decay of solvent molecules.

Figure 3 presents the diffusion decay curves for another sample of A, ,, in
TFE prepared under sonication for 15 min prior to the experiments. Here, the
decay has a similar form as in the case of soft mixing (stars). However, D,
now is about 6.7-107'° m?s, which is equal to the TFE diffusion coefficient.
No water diffusion coefficient (originating from adsorbed water) was observed
because a lower peptide concentration was used. This decrease of the diffusion
coefficient cannot be related to concentration effects, because a decrease in con-
centration would be accompanied with a simultancous decrease of probability of
interparticle collisions. For the peptide diffusion coefficient one can already see
the difference from the monomeric diffusion coefficient (dashed line). The ob-
served diffusion coefficient is 7.8 - 107!! m?/s. According to Eq. (1), it corresponds
to aggregates with the sizes, which can be estimated in the simplest case of a
spherical form as hexamers. The observed decay was not changing during the
whole time of study (up to 48 h), so, no further aggregation and no disaggrega-
tion processes were observed.

Thus, the AB,,, peptide aggregation structure in TFE solution depends on
the solution preparation. In the case of soft treatment, a monomeric form exists,
but sonication leads to the formation of higher oligomers, which are close to
hexamers in average. In our other experiments of this type (with sonication) we
observed diffusion coefficients corresponding to tetramers, hexamers and higher
than hexamers, no dimers were observed.
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4.2 Self-Diffusion in TFE-Water Mixtures

In the next step of our experiments with the TFE solution, which showed mo-
nomeric Ab,,, diffusion coefficient (Fig. 2), we added the water (D,0) buffer
(pD 7.0) stepwise up to obtaining concentration of mixed solution which we
desired. Measurements were performed at 47, and 25 wt% of TFE.

The solution at the concentration of 47 wt% of TFE remained transparent.
Diffusion decay for it is shown in Fig. 4 (open circles). Populations of the de-
cay components remain unchanged in comparison with TFE solution. However,
the diffusion coefficient of peptide is smaller, D ~ (1.21+£0.11)- 107! m?/s. This
effect cannot be related with oligomerization, because even for dimers the diffu-
sion coefficient will be much smaller, about D, = 8.9-10~!! m?/s. The next prob-
able explanation lies in the dependence of hydrodynamic parameters of the mixed
solvent on the water concentration. In fact, the viscosity of TFE—water showed
an extreme dependence with a maximum at about 50 wt%. According to Shuck
et al. [22], this dependence is described at 20 °C by

1 =1.000 + 2.133x + 1.670x* — 8.404x> + 4.948x*. 2)

We used the correction for viscosity in the calculation of the monomeric diffu-
sion coefficient in TFE-water and obtained the value D, = 1.12-107'" m?/s
(showed as dashed line), which was really measured in this mixed solvent for
the less mobile molecules. So, it is evident that the change of the solvent vis-
cosity described the observed change of the peptide monomer diffusion coeffi-
cient. No dimerization and no conformation changes are needed to describe this
experimental effect.

e C=100 wt%
X o C=47 wit%
;& x  C=25wt%

A(9)/A(0)

o
NP
0.1 Rpx Procu 023\*°~.‘o *

10%2g28°t,

Fig. 4. Diffusion decay in solutions of A, ,, peptide in mixed solvent TFE-D,O at indicated con-
centrations C of TFE and pD 7.0 of D,0. Peptide concentration for C = 100 wt% was 3 mM/l, for
C =47 wt% was 1.5 mM/], and for C = 25 wt% was 0.83 mM/l. Dashed lines correspond to calcu-
lated monomer diffusion at different concentrations of TFE (1.42-107!° m%*s for 100 wt%,
1.12-107" m%s for 47 wt%, and D, ~ 1.28-107'° m?%s for 25 wt% of TFE).
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Further increase of the water content was up to 75 wt% of water buffer and
25 wt% of TFE. The solution became turbid. Diffusion decay (stars in Fig. 4)
showed the decrease of the population for the peptide component, whereas the
diffusion coefficient for this component increased up to D = (1.31+0.1)-107'°
m?/s. The correction in viscosity according to Eq. (2), gives 7= 1.53-1073° Pa-s
and leads to D, = 1.28-107'"° m?s for the monomeric diffusion coefficient. So
the observed diffusion coefficient for peptide as evident from Fig. 4 (stars and
dashed line crossing them) can be again related only to monomer diffusion. The
decrease of the population of the peptide signal, which was observed for this
concentration, can be due to the increase of 7, of the peptide protons in the
aggregated state (which was observed as a turbid part of the solution). How-
ever, the “visible” part of the peptide remains in the monomeric form, so we
observed the decreased signal from the peptide but with the monomeric diffu-
sion coefficient.

For the TFE concentration of 10 wt% and less the solution was turbid, no
signal from peptide was observed.

Thus, the observed mean value of the diffusion coefficient for peptide in the
mixed TFE—water solvent corresponds to the concentration dependence of the
monomer diffusion in this mixed solvent. No signal from dimers and higher-mers
were observed. The aggregation process resulted in the decrease of populations
corresponding to the peptide signal.

5 Discussion

Our results showed that the Stokes model and the hard-sphere approach can be
applied to describe monomeric Af,,, peptide diffusion not only in water solu-
tions, but also in TFE and mixed TFE-water solutions. Changes in the solvent
viscosity due to their concentration dependence influences the peptide diffusion
coefficient and can be taken into account. TFE—water solvent does not influence
the structural characteristics essential for the translational mobility of the A,
monomer. Sonication of the peptide in the solution of TFE lead to the forma-
tion of stable aggregates from tetramer to higher than hexamers according to their
hydrodynamic properties. Thus our results coincide with previous ones [11, 17,
19], which showed that PFG NMR technique can be used for the measurement
of monomeric diffusion coefficient of A, ,, in solution.

We also did not observe any nonmonomeric forms of the peptide (dimers and
higher-mers) in water solutions. A probable explanation was proposed by Jarvet
and co-workers [11]. They concluded that the signal from dimers and higher-
mers of AB,,, peptide in water solution was not observed because of the accel-
erated 7, relaxation in the peptide aggregates. In our opinion, this conclusion
seems to hold for small-number oligomeric states. Indeed, we know that AP,
peptide in water solution is of a globular structure [11, 12]. The main mecha-
nism which leads to the accelerated transverse NMR relaxation of globular pro-
teins is the dipolar interaction. Globular proteins are tightly packed structures
with strong dipolar interactions. Averaging of the dipolar interaction is due not
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Fig. 5. Diffusion decays of lysozyme in water solution at pH 4.5 in different stages of aggregation

at 330 K at time after mixing: 12 (circles), 96 (triangles), 192 (stars) and 528 (squares) h. Solid

lines show calculated diffusion coefficient (Eq. (2)) for monomer (9.24-107"" m?/s), whereas dotted
lines for dimer (7.33-107"" m?s) (A. Filippov et al., unpubl.).

to the local segmental motion, but to the fast rotation of the protein molecule as
a whole. For small globular proteins, the dipolar Hamiltonian can be averaged
effectively only due to the anisotropic rotational diffusion of the molecule as a
whole [23]. Therefore, the reason for the signal from aggregates to disappear was
the retardation of the rotational mobility of aggregates. In the first set of the
experiments, we used sonication of TFE solution which leads to rather small ag-
gregates, which are still “visible” in the NMR diffusion experiments as tetra- or
hexamers. In the second set, we added a water buffer at concentrations of about
50 wt% and higher. Disappearance of the signal from oligomers in this case
means that aggregates are rather large, without any intermediate sizes like dimers,
tetramers and those close to these sizes. Probably this was the reason why in
other NMR experiments with aggregation of peptides in water solutions only mo-
nomeric forms of AP peptide were visible [11, 17]. Only Narayanan and Reif
[19] finally observed intermediate oligomeric states of AB,,, peptide upon varia-
tion of the anionic strength of the buffer, which is not the case in our study.

In a previous study one of the authors (A. Filippov et al., unpubl.) investi-
gated aggregation of lysozyme (14.6 kDa) in a water buffer and directly observed
diffusion of dimers (Fig. 5), showing that dimers are preaggregation entities for
aggregation in lysozyme. The absence of the AP,,, dimer signal at the condi-
tion of the partial peptide aggregation (Fig. 4, stars) and the size of the AP,
dimer being much less than the size of the lysozyme dimer mean that dimeriza-
tion is not a step of aggregation in AP, ,, peptide.
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