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Characterizing the segmental dynamics of proteins, and intrinsically disordered proteins in particular, is a
challenge in biophysics. In this study, by combining data from broadband dielectric spectroscopy (BDS)
and both depolarized (DDLS) and polarized (PDLS) dynamic light scattering, we were able to determine
the dynamics of a small peptide [e-poly(lysine)] in water solutions in two different conformations (pure
B-sheet at pH = 10 and a more disordered conformation at pH = 7). We found that the segmental (a-)
relaxation, as probed by DDLS, is faster in the disordered state than in the folded conformation. The
water dynamics, as detected by BDS, is also faster in the disordered state. In addition, the combination
of BDS and DDLS results allows us to confirm the molecular origin of water-related processes observed
by BDS. Finally, we discuss the origin of two slow processes (A and B processes) detected by DDLS and
PDLS in both conformations and usually observed in other types of water solutions. For fully
homogeneous ¢-PLL solutions at pH = 10, the A-DLS process is assigned to the diffusion of individual
B-sheets. The combination of both techniques opens a route for understanding the dynamics of
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1 Introduction

Proteins are macromolecules present in living systems that
perform functions in virtually all biological processes. Aside
from the huge number and variety of chemical reactions in
which they participate, proteins transmit nerve impulses,
provide immune protection, control the flow of material
through membranes, generate movement, and transport and
store other molecules such as oxygen. Since 1958, when the 3D
structure of myoglobin was solved,” it had been assumed that
the biological functions of proteins were encoded in their 3D
structures. However, later, it was observed that some segments
of proteins are composed of elongated chains and that some
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peptides and other biological solutions.

other proteins lack a well-structured three-dimensional fold.
These intrinsically disordered proteins (IDPs), which are
abundant in nature (30-50% in eukaryotic cells>?), are still
functional,’ challenging the traditional structure-function
paradigm.® The dynamics of proteins (structured or unstructured)
is closely tied to the properties of the solvent.® In fact, hydration is
responsible for the stabilization of the protein structure: it
mediates binding through hydrogen bonds and contributes to
their catalytic properties. In well-folded proteins (for instance,
globular proteins), water plays an important role in biological
activity, and it has been proposed that water determines their
structures and dynamics.® There is a remarkable coupling
between the motions of a solvent and a solute,” and this seems
to be valid for IDS proteins'®** as well as non-biological
solutions."* '

The timescales of the motions of proteins span several
orders of magnitude (from picoseconds to seconds'®), and
broadband dielectric spectroscopy’’ (BDS), among other
techniques, is appropriate for analysing these motions because
of its extremely broad frequency range. However, in the case of
biological solutions, the heterogeneities and interfaces between
the solvent and the solute (which lead to Maxwell-Wagner
polarization effects) along with their strong conductivity,
prevent accurate analysis of the dynamics of proteins and of
the o-relaxation in particular, which is the main relaxation
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process that defines the transition from a solid to a liquid. In
contrast, dynamic light scattering’® (DLS) is not sensitive to
charge transport,'® and therefore it is a much-used technique
for studying the dynamics of proteins in solutions. Nevertheless,
DLS requires semi-transparent solutions (materials through
which some light can pass), and hydrated protein powders or
concentrated solutions of proteins are therefore not suitable for
this technique. While very dilute solutions of proteins can be
examined using DLS, such solutions crystallize on cooling,
preventing the determination of the o-relaxation at lower
temperatures.

In recent years, we analyzed the dynamics of e-poly(lysine)
(e-PLL) using BDS"*?° and nuclear magnetic resonance>' (NMR)
at pH = 10. Compared with proteins and other peptides, &e-PLL
has the advantages that it can be completely dissolved in water,
its concentrated solution is semi-transparent, and crystallization
is avoided at all temperatures for high pH values (>10). Due to
these characteristics, an &-PLL water solution at pH = 10 is an
appropriate system for analysis using both, DLS and BDS.
Moreover, this system is folded in a -sheet conformation, and it
therefore presents an ideal means for studying the characteristics
of the a-relaxation of a protein in a solution. This is in contrast to
hydrated protein powders,”* > for which the diffusive dynamics of
the entire protein is suppressed. The dynamical behaviour of this
system is complex and, in particular, it is laborious to determine
the segmental (o) relaxation using BDS,*® and it cannot be directly
observed using NMR.”!

In this work, we analysed the dynamics of aqueous solutions
of &PLL in two different conformations (a pure pB-sheet
conformation (at pH = 10) and a more elongated chain
(at pH = 7)) using DDLS, PDLS and BDS. The combination of
these techniques allows us to analyse the dynamics of the solute
and the solvent; we can determine both the o-relaxation and the
water dynamics around the peptide in the two conformations.
In addition, using DLS measurements we can analyse whether
our solutions are essentially homogeneous at length scales larger
than the dimensions of a f-sheet, or whether instead they
present some aggregations apart from some degree of short
local structuring such as molecular clusters or solvation shells
on the sub-nanometre scale.

2 Experimental methods
2.1 Samples

The &-PLL (average molecular weight M,, = 4.700 g mol " and
polydispersity index M,/M, = 1.15) was supplied by JNC
Corporation (Japan). This was purified using an ion-exchange
resin (AG 501 X8, Bio-Rad Laboratories) to remove all ionic
species from the solution. After this, e-PLL was lyophilized and
reserved in a glove box. Water (w4502) was purchased
from Merck.

To prepare the aqueous solutions, water was added to
concentrations (cy) of 35 and 40 wt%, and the two mixtures
were sealed for at least three months to achieve a good water
distribution. The pH value of the solutions was 10 without the
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addition of any buffer or salt. To lower the pH, we added HCl
(Merck) to the sample with ¢, = 35 wt% to reach a total water
content of 40 wt%. Thus, both samples had the same water
content. In addition, we also prepared dilute solutions (c,, =
95%) at the two pH values, for which different protocols of
preparation are described later.

Differential scanning calorimeter (DSC) measurements were
carried out using a Q2000 (TA Instruments) in the standard
mode with cooling and heating rates of 10 K min~". Infrared
spectra were recorded using a Jasco 6500 equipped with an
attenuated total reflectance unit at low temperatures (from 170
to 300 K). Viscosity measurements were made using a Malvern
SV-10 Vibro Viscometer.

2.2 BDS experiments

To measure the complex dielectric permittivity, e*(w) = ¢'(w) —
ie"(w), we used a Novocontrol Alpha-S analyser in the frequency
range 10> to 10° Hz and an Agilent 4192B RF impedance
analyzer over the frequency range 10° to 10° Hz.

Isothermal frequency scans were performed every 2.5 K in
the temperature range 140 to 300 K (temperature stability
0.1 K). The samples were prepared by forming a parallel-plate
capacitor between gold-plated electrodes with diameters of
20 and 10 mm for the low- and high-frequency ranges,
respectively. Further details of the fitting procedures can be
found in previous works.'*?°

To analyse the complex permittivity (¢*), simultaneous fitting of
both the real (¢) and imaginary (¢”) components were performed
by the use of a symmetric Cole-Cole function. However, when
experiments are dominated by conductivity (as in the case of
biological solutions), ¢’ can be approximated from the derivative
of .

v dé(w)
Eer ~ _E d(log(w)) (1)

2.3 DLS experiments

In our concentrated solutions (cy, = 40 wt%), we were interested
in analysing the dynamics in terms of rotational correlation
functions and density-density correlation functions across a
broad temperature range including low temperatures.
Therefore, light scattering measurements were performed
using two different setups depending on the temperature range
we were seeking to access.

The reorientation of the solute molecules can be measured
in a DDLS experiments in vertical-horizontal (VH) polarization
mode with a coherent Verdi solid-state laser (wavelength, 4 =
532 nm). The depolarized (VH) light-scattering experiment
relates the intensity fluctuations of the depolarized component
of the scattered light with the rotation of the molecular optical
anisotropy tensor through the second Legendre polynomial.?®
The scattered light was collected in 90° scattering geometry.
More details of this setup have been described elsewhere.?”"*®
The concentrated low-temperature samples (c,, = 40 wt%) were
mounted in a Cryo Vac cryostat and measured in the temperature
range 220 to 300 K for the sample pH = 10 sample and 255 to
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300 K for the pH = 7 sample. Each temperature was measured for
10 h after 90 min of thermal stabilization at each temperature.

To examine the density-density correlation function the
vertical-vertical (VV) polarization geometry was measured®®
for both concentrations (¢, = 40 and 95 wt%) in a PDLS
experiment. In this case, we used an air-cooled helium-neon
laser with a wavelength of 632 nm and an output power of
approximately 30 mW in VV polarization geometry. The detector
was mounted on a goniometer to cover angles from 30° to 150°,
which provided a g-range of between 0.00515 and 0.0192 nm™ ",

The &-PLL solutions were transparent and could be examined
using light scattering, despite being slightly yellowish. Dust
particles were removed by filtering the sample with 0.2 pm
Merck Millipore syringe filters into pre-cleaned sample cells
with approximately 3 ml volume. In addition to filtering,
extra-diluted samples were prepared by degassing in a vacuum
oven at 0.1 bar for 24 h.

3 Results

3.1 Infrared spectra and calorimetric results

Fig. 1 shows the amide I band of the infrared spectra for e-PLL
(cw = 40%) at pH = 10 and 7 for different temperatures
(indicated in the plot) after subtraction of the buffer spectrum.
For pH = 10, the amide I band is found at 1630 cm™}, which
indicates a pure -sheet conformation. In addition, it has been
proposed®® that the main chain takes a parallel B-sheet form
similar to that of Nylon-6. For pH = 7, we found two peaks, at
1628 and 1665 cm ', and these correspond with a more
disordered conformation (a mix between B-sheets and turns).
As can be seen in the figure, these conformations do not
change at low temperatures. In addition, Fig. 1c shows the
calorimetric responses of the two samples. For pH = 10, there is
no crystallization, whereas the pH = 7 sample presents crystal-
lization in both the cooling and heating cycles. This restricts
the temperature range in which this sample with pH = 7 can
be studied by DDLS without crystallization (above 250 K).
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The glass transition temperature (Ty) for the pH = 10 sample
was found to be (217 £ 1) K whereas for the partially crystallized
sample at pH = 7 this was (195 + 1) K.

3.2 BDS results

The dynamics of e-PLL aqueous solutions at pH = 10 have been
characterized by dielectric spectroscopy across a broad
temperature range when the water remains amorphous
(pH = 10)." Dielectric data for &-PLL solutions at temperatures
above Ty, as is common for other hydrated proteins,”>***! are
dominated by both polarization and conductivity effects, which
prevents a clear observation of the glass transition-related
relaxation, even when the bio-solutions are dialyzed and filtered.
As analyzed in previous works,">'****! the dielectric response of
e-PLL reveals three main relaxations (called fast-water relaxation,
slow-water relaxation and o-relaxation) as seen in Fig. 2.

The real ¢(f) and imaginary £’(f) parts of the complex
permittivity e*(f) of e-PLL with 40 wt% of water at pH = 10 are
displayed in Fig. 2 for two temperatures, below (7 = 210 K) and
above (T = 245 K) the glass transition temperature, respectively.
For T < Tg, the fast- and slow-water relaxations are observed
whereas for T > T, the relaxations are masked by conductivity
and electrode polarization but two clear steps appear in the real
part of the dielectric permittivity. Using derivative analysis of
the permittivity®> (eqn (1)), we can estimate the slow water and
the o-relaxations as shown in 2d.

The molecular origin of each of the relaxation processes
observed in Fig. 2 was also determined in previous works
analysing mixtures of &-PLL at different water contents.'®'*
Fig. S1 in ESL{ shows the concentration dependence of the
relaxation strength for the three processes (fast-, slow- and
a-relaxations) as a function of water content. As seen in that
figure, both the relaxation strength of the slow- and fast-
processes increases with water content. This is an indication
that both processes originate from the motion of water
molecules although the slow water relaxation is affected by the
solute.' Moreover, as shown below, these two relaxations are
not detected by DDLS, a technique insensitive to the relaxation
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Fig. 1 (a) Amide | band (1630 cm™) of the infrared spectra of e-PLL, pH = 10 sample and amide | bands (1630 and 1655 cm™) for pH = 7 sample at
different temperatures indicated in the figure. (c) DSC scans measured at 5 K min~* for both pH values; for the pH = 7 sample, the temperature range over

which the DDLS measurements were made is shown.
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Fig. 2 Real (@ and c¢) and Imaginary (b and d) parts of the complex
dielectric permittivity (e*(f) = &'(f) — i¢”(f)) of e-PLL water solutions at
pH = 10 at temperatures below and above Ty. In (d) the derivative of the
real part of the permittivity (sgm.) is also displayed. The solid black curves
indicate the fitting results. The pink, orange, and green solid lines indicate
the a-relaxation, the slow water relaxation, and the fast water relaxation,
respectively.

of water molecules. For the o-relaxation, the relaxation strength
decreases with water content and, in addition, the extrapolation
of their relaxation time to 100 s agree with the calorimetric T.
Therefore, this relaxation is related to the solute molecules.
For the pH = 7 solution, by quenching, we can access the low
temperature region without crystallization; however, due to the
re-crystallization of water, it is challenging to detect the
o-relaxation because of its overlap with the ice relaxation.**"*

Fig. 3 shows the temperature dependence of the relaxation
times, which displays the three main relaxations*® of &PLL
solution at pH = 10. As shown in Fig. 2, below T, we found the

e-PLL (c =40 wt%)

pH =10

e o-relaxation

4 Slow water relaxation
Fast water relaxation
pH=7 1
Fast water relaxation

5 6 7
1000/T [K]

Fig. 3 Temperature dependence of the relaxation times of e-PLL
solutions obtained from BDS at two pH values. The vertical dashed lines
indicate the glass transition temperature T4 = 217 K for pH = 10 and 195 K
for pH = 7.

log ( [s])
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fast-water relaxation with an Arrhenius temperature dependence
with an activation energy of E, = 0.53 and 0.57 eV for pH =10 and
7, respectively. These values are characteristic for hydrogen-bond
breaking.**> Above T, two relaxations can be seen, one due to the
relaxation of the solute affected by water (a-relaxation) and a
water relaxation affected by the solute (slow-water relaxation).™
These two processes have the same non-Arrhenius temperature
dependence at different time scale (slaving phenomenon).”® For
solutions at pH = 7, we can only observe the fast water relaxation
because, as mentioned, crystallization as well as conductivity
prevents the observation of other relaxations.

3.3 DDLS results

Fig. 4 shows the DDLS autocorrelation function g;(¢) obtained
in VH geometry at 90° for selected temperatures of an &-PLL-
water solution with pH = 7. The details of the calculation of g,(¢)
were reported by Pabst et al.'® The results for pH = 10 (Fig. S2,
ESIt) are similar to those observed for pH = 7. We can detect
two decays (called a-relaxation in agreement with the relaxation
observed in Fig. 2 and 3, and the A-DLS process), followed by a
strong decay at longer times (B-DLS process). Therefore, we
fitted the e-PLL response to a weighted sum of two single
exponentials (f = 1) and one stretched exponential:

B

a(n) = Aae(i> + AAe_(i) + ABe_<T:3) )

where the subscript o refers to o-relaxation and A and B refer to
the A-DLS and B-DLS processes, respectively. The stretching
parameter corresponding to the a-relaxation is f ~ 0.45, which
is independent of the temperature for both samples and similar
to that found in previous works.*® The relative amplitudes of
the processes are shown in the inset of Fig. 4.

-PLL (c_ =40 wt%), pH=7
1.0} =PLL(c, ), P k] A
e 270K
0.8 - a-relaxation A-DLS 290K | |
£ 06} *inset |
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0.4 g o4 . B-DLS
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Fig. 4 Normalized DDLS electric field correlation function (g4(t)) for an
e-PLL—water solution with 40 wt% of water and pH = 7 at different
temperatures and scattering angle of 0 = 90° in VH geometry. The
A-DLS and B-DLS processes as well as the a-relaxation are displayed.
The solid lines are the fits using two single exponentials decays for A- and
B-DLS processes and an extended exponential for the a-relaxation.
The inset shows the amplitude as a function of the temperature for the
three mentioned processes.
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To compare the DDLS field correlation function g;(f) with
BDS, it is useful to calculate a generalized DDLS susceptibility,>®
1" (w) < w[gi(t) exp(—iwr))dz, which is proportional to the
Fourier transform of gy(t) multiplied by . This was previously
established for ionic liquids,® glass-forming liquids,’” and
alcohols.”® The resulting susceptibilities are shown in Fig. 5
for samples at both pH values with selected temperatures
covering the above-mentioned three processes.

3.4 A-DLS and B-DLS processes

To analyse the origin of the A- and B-DLS processes observed in
concentrated solutions of e-PLL, we measured samples subject
to different preparation procedures. Fig. 6 shows the field
autocorrelation function for VV geometry and a scattering angle
of 90° for concentrated samples (blue circles), diluted and
repeatedly filtered (0.02 pm) samples (orange diamonds), and
samples diluted and placed in a vacuum oven for 24 h (this
removed several bubbles; magenta triangles). At room temperature,
we can observe the A- and B-DLS processes, but the o-relaxation is
outside of the time window. It is clear that the relative intensity of
the B-DLS process decreases when the samples are diluted, and it is
entirely removed after the samples are maintained under vacuum
(see insets of Fig. 6, where the ratio of the amplitudes Ap/Aa
decreases significantly over the whole g range). Thus, even after
repeated cycles of filtration (0.2 and 0.02 pm), the B-DLS process

10% 10" 10° 10" 10*> 10° 10* 10° 10° 10’

f[Hz
10" JARARL PR AL """'1["""1] L BRALL B B
10%F .
F 2
= [ -
10°F 3
F = 2242K 229.3K 7
[ 4 2343K v 2444K ]
.(b) S ¢ 2545K <« 2647K 4
TN I I R IR RN ann s IR T
107 10" 10° 10" 10* 10° 10* 10° 10° 10’

f [Hz]

Fig. 5 Generalized DDLS susceptibilities (y) for e-PLL-water solutions
with 40 wt% of water at (a) pH = 7 and (b) pH = 10. The data were taken
at a scattering angle of 90°.
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Fig. 6 Normalized PDLS electric field correlation function (gi(t) for
g-PLL—water solution of (a) pH = 7 and (b) pH = 10 at room temperature
and a scattering angle of 0 = 90° showing the B-DLS and A-DLS
processes. The insets show the ratio of the amplitude of both processes
(Ag/Aa) as a function of the g value.

still maintains a certain level of intensity (see Fig. 6a), while it
vanishes completely after degassing the sample. Therefore, we can
conclude that the scattering centers responsible for the B-DLS
process are neither solid particles nor aggregates of the solute
but rather gaseous nanobubbles. This is supported by the
observation that the B-DLS process reappears when previously
degassed solutions are vigorously shaken. We also note that we
observed a similar behavior in bulk water during the present study
(Fig. S3, ESIt) and mention that similar phenomena were reported

————— T
c, =40 wt% ) ¢, =40w%

I ¢ 02um - 4 02um —
c, =95 wt% L c,=95w%
= 02um - | > 0.2pm .
v 0.02pum
)

55 aps | abs |

ADLS |
pH=T7 pH=10 ]

o0 e
36 40 44 36 40 44 36 40 44

log [q”/nm’] log [q*/nm?] log [q*/nm?]

Fig. 7 (a) 1/g? dependence of the relaxation times for the A-DLS process
of e-PLL solutions at pH = 10 and 7; the asterisks represent the relaxation
times obtained by DDLS under VH geometry at 90°. The same representa-
tion in (a) is shown for diluted, filtered and vacuum-dried samples of g-PLL
solutions at (b) pH = 10 and (c) pH = 7.
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in the literature for bulk water and solutions created using different
sample preparation protocols.**** Thus, the B-DLS process is not
discussed any further in the following.

Fig. 7 shows the 1/g* dependence of the relaxation times of
concentrated &-PLL solutions at pH = 10 and pH = 7 for
the A-DLS process. A linear relationship between t and 1/¢°
is found, as expected for long-range translational
diffusion motions. The same linear relation is observed after
the samples are diluted, filtered, and vacuum treated [see
Fig. 7(b) and (c)]. In addition, the A-DLS process at pH = 10 does
hardly change the relaxation time for the different samples at
pH =10 (only ~0.3 decade) whereas for pH = 7 it becomes faster
(~0.8 decade).

Referring to the observed t oc 1/¢> dependence one could
tentatively estimate the hydrodynamic radius Ry of a self-
diffusing particle using the Stokes-Einstein relation

ko T

- 6T RuNg (3)
where D is the diffusion constant, g is the viscosity of the
medium, and Ry is the radius of the diffusing particles. The
diffusion coefficient, D, can be obtained using’® ¢°D = 1/1.
Eqn (3) is valid when particles move independently (non-
interacting) because the exact entity that diffuses and its
respective hydrodynamic environment is not a priori clear.
There are some concerns related to the value of the viscosity
which should be used in eqn (3). This was discussed in previous
publications of water solutions of sugars (xylitol,** glucose,**
and maltose*) and glycerol.”® In these papers, two limiting
approaches were considered to calculate Ry;: to use the viscosity
of the bulk water or to use the macroscopic viscosity of the
solutions. Although the real value of the viscosity is unknown,
we follow the results of these works: if we use the macroscopic
viscosity to calculate the Ry value, we obtain values of Ry that
are too small: of the order of 0.5 fm for both samples. This
value is even four orders of magnitude smaller than the size of a
water molecule (~0.27 nm). If, on the other hand, we calculate Ry
with the viscosity of bulk water reasonable results are obtained,
which are in agreement with previous publications.**™*> Moreover,
considering that at a water concentration of 40 wt%, each B-sheet
of &-PLL is surrounded by roughly 173 water molecules,*® and at
Cw = 95 Wt%, this number increases up to 5000 water molecules.
Thus, it seems reasonable that the viscosity of the Brownian
medium is closer to the water limit. Table 1 shows the Ry values
of concentrated and diluted samples at both pH values.
Finally, we mention that the considerations presented here rely
on the assumption of independently diffusing particles, which
need not be true at all in the present case. If the interactions
were of hydrodynamic nature the presented results would
point towards repulsive interactions among the diffusing
entities. But most likely the actual behavior in the system is even
more complicated than that, as the moving entities are
connected in a complex macromolecule. Thus a calculation of
a simple hydrodynamic radius has to be viewed with great
caution.
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Table 1 Hydrodynamic radius calculated from eqn (3) for e-PLL solutions.
For the A-DLS process, we used the viscosity corresponding to bulk water
(see text). The macroscopic viscosities at ¢, = 40 wt% are ipp-10 = 4472
mPa s and np-7 = 2011 mPa s

Sample Filtered (um) Cw (Wt%) Ry (nm)-DLS process
pH =10 0.2 40 1.36 + 0.01
pH =10 0.2 95 0.78 £ 0.01
pH =10 0.02 + degassing 95 0.65 + 0.01
pH=7 0.2 40 0.94 £ 0.02
pH=7 0.2 95 0.21 £ 0.01
pH=7 0.02 + degassing 95 0.18 &+ 0.01

4 Discussion
4.1 Comparison of BDS and DDLS-a-relaxation results

The BDS and DDLS methods can be compared in terms of
reorientation correlation functions. Whereas dielectric spectro-
scopy is sensitive to the reorientation of dipole moments
(in both water and &-PLL molecules), depolarized light scatter-
ing is sensitive to the reorientation of the optical anisotropy
tensor of the e-PLL molecules but not to the almost isotropic
tensor of water. While BDS quantifies reorientation as being
proportional to the first Legendre polynomial (®.4(0) oc
cos(0)), DDLS quantifies it as proportional to the second

Legendre polynomial (@1:2(0) m%cosz(Q - 1)) In this way,

although both techniques measure collective quantities, DDLS
probes the reorientation of the optical anisotropy tensor (I = 2)
of &-PLL molecules whereas BDS probes the reorientation of
both water and &-PLL dipoles (I = 1).%°

Fig. 8a shows a comparison between the DDLS and BDS data
from &-PLL solutions at pH = 10 for temperatures between 225
and 245 K. To establish this comparison, the DDLS data were
vertically shifted to overlap with the BDS data in the high-
frequency flank of the a-relaxation. At higher frequencies, BDS
data show a water relaxation (called “slow water relaxation”?)
whereas DDLS, which is insensitive to water, does not show any
contribution. This fact confirms that the relaxation observed by
BDS is mainly due to the reorientation of water molecules with
little influence of the solute. In spite of the fact that determining
the spectral shape of the a-relaxation in BDS experiments
(especially at low frequency) is difficult due to the strong
conductivity, it is obvious that BDS data are systematically slower
and broader than DDLS data as can be seen in Fig. 8(b).

Fig. 9(a) and (b) show the temperature dependence of the
relaxation times obtained from DDLS (data were taken in VH
geometry at a 90° scattering angle) and BDS at both pH values,
showing the a-relaxation and A-DLS processes. We note that in
order to compare time constants of different model functions
we used 1/(2mv,) with v, being the loss peak frequency, as a
measure for the most probable relaxation time in all cases.
From Fig. 9(a), it is evident that the a-relaxation times detected
by BDS are slower but close to those determined by DDLS, and

i We note that in contrast to BDS the DDLS data originate from a normalized
correlation function and therefore do not contain information on the absolute
amplitude.
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Fig. 8 (a) Comparison of dielectric data (lines) and DDLS data (symbols) at

different temperatures for g-PLL, pH = 10. In (b) we compare the a-relaxation
obtained from the fitting of the dielectric data with the susceptibilities at
different temperatures as indicated in the figure.

with the same fragility in both cases. Assuming that the dipole
moment and optical anisotropy probe the same entity, the
relaxation times obtained by both techniques will depend on
the type of motions detected.'®*® For the limit of rotational
diffusion, the ratio between the dielectric and DDLS relaxation
times (tpps/Toprs) is 3, whereas in the case of random angle
jumps it should be unity.>® It is likely that a continuous
diffusion rather than a jump process is involved in the a-relaxation,
and a factor of 3 is therefore expected. At high temperatures, the
ratio Tpps/tppis [See inset of Fig. 9(a)] is approximately 3 within
experimental uncertainty, whereas at low temperatures, the
ratio increases. For pure liquids,”®*® the relaxation times of
the o-relaxation measured by both techniques are very similar, but
this is not the case for our water mixtures. The origin of this
discrepancy could be related to the way in which self-correlations
and cross-correlations (intermolecular solute-solute and solute-
water) are detected in the different experiments. In fact, for water
solutions, we expect a major role of cross-correlations in the first
hydration shell. However, a more detailed analysis of this effect
requires the calculation of the Kirkwood correlation factor gi in
the static case, which is difficult for o-PLL solutions and goes
beyond the purpose of the present work. This will be a future task.
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Fig. 9 Temperature dependence of the relaxation times for e-PLL—water
solutions with (a) pH = 10 and (b) pH = 7. (c) Comparison of the relaxation
times for samples at pH = 10 and 7. a-Relaxation times were obtained by
DDLS, whereas the fast-water relaxation times by BDS (the slow-water
relaxation is omitted for clarity). Inset: Ratios of the timescales of the
a-relaxation obtained by DDLS and BDS. The dashed line indicates a factor
of three (rotational diffusion; see text).

Based on the data in Fig. 9, Table 2 shows the Vogel-
Fulcher-Tammann (VFT) parameters corresponding to the
a-relaxation for both samples. The temperature at which the
structural (o-) relaxation time extrapolates to 100 s defines a
“dielectric” or “DDLS” glass transition temperature, Ty 100s-
For the sample at pH = 10, 7,.gps reaches 100 s at 7' = 218.6 K,
and 7,.ppLs reaches 100 s at T = 216.5 K. These values are in
good agreement with the calorimetric T, value (217 K), and
both processes can therefore be related to the glass transition
phenomenon.
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Table 2 VFT parameters (z, = 1o exp(DTo/(T — To)) for the a-relaxation
determined by BDS and DDLS for the pH = 10 sample and by DDLS for the
pH = 7 sample

Sample pH D To (K) log(zo/s) Tg,100s (K)
&-PLL-BDS 10.0 3.4 193.6 —9.5 218.6
&-PLL-DDLS 10.0 3.4 192.6 —10.0 216.5
&-PLL-DDLS 7.4 8.1 155 —11.8 194.6

The a-relaxation times of the sample at pH = 10 are slower
than those at pH = 7 [see Fig. 9(c)]. When ¢-PLL is in a pure
B-sheet conformation, several hydrogen bonds are established
between the carboxyl (COOH) and amine (NH,) groups located
on the backbone of the polypeptide chain promoting the
peptide hydrophobic collapse in a well-folded structure.
However, at pH = 7, when there are several disordered regions
(the backbone is more extended and flexible because of the
partial lack of the hydrophobic core), these H-bonds no longer
exist and the dynamics is consequently faster in this case.

Fig. 10 shows a comparison of DDLS spectra at a fixed
temperature (T = 275 K) for samples at different pH values.
The shape of the o-relaxation is the same for both samples
independent of the conformation (see inset of Fig. 10). As we
have indicated, at pH = 7 the chain is disordered while at pH =
10 it is folded. This means that if we look at an area several
monomers away from a given monomer, the environments in
each case will be somewhat different. However, the spectral
shape of the a-relaxation does not change significantly, indicating
that the environments are not very different.>® We conclude that
very few monomers are involved in the o-relaxation, ie., that the
correlation length must be very small and limited to the direct
neighbours of a given monomer.

4.2 A-DLS process

Now we focus on the origin of the A-DLS process observed in
the solutions at both pH values. It is well known that many
liquids, or binary mixtures of liquids, show a process slower

o-relaxation

10"k e-PLL water solution 7
' T=275K
= pH=10
pH=7
10-2 -2 l-1 IO I1. IZ l3 I4 I5 l6 7
10° 100 10° 10 10° 10° 10° 10> 10° 10

Fig. 10 Normalized DDLS susceptibilities (y) for e-PLL—water solutions
with 40 wt% water at 275 K and (a) pH = 7 (b) pH = 10. Inset: The same data
but frequency normalized.
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than the o-relaxation detectable by DLS. In some cases, this
process approaches the o-relaxation at temperatures close to T.
In addition, as shown in Fig. 7, the A-DLS process shows a 1/g*
dependence, which indicates diffusive dynamics. With these
characteristics, this process could be related to thermally
driven concentration fluctuations.*”*® However, to classify this
process as concentration fluctuations, the presence of some
inhomogeneities in the sample is necessary. Based on previous
analyses using small-angle X-ray scattering,"* no structural
inhomogeneity on a length scale from 20 to 80 nm for the
sample with pH = 10 samples can be detected. Even more, this
sample does not present any crystallization on heating or
cooling detected by DSC. This implies that, on a scale above
~1 or 2 nm, the sample is homogeneous, as otherwise water
molecules would crystallize. Molecular simulations on smaller
1- and 4-lysine molecules have shown that no aggregation is
observed at high pH values.***° These facts strongly suggest that
the origin of the A-DLS cannot be due to concentration fluctua-
tions. Additionally, a process observed by dynamic light scattering
with the same phenomenological behaviour as observed here for
&-PLL, has previously been found for other aqueous solutions
(such as water mixtures of xylitol,** glucose,”" or a-cyclodextrin®?).
In all these cases, this process was attributed to the diffusion of an
individual solute molecule or very small clusters of solute
molecules,*® as in the present case.

The A-DLS process of the e-PLL solutions at pH = 10 is not
affected by dilution, filtration, or degassing (see inset of Fig. 6).
The diameters (2Ry;) obtained from PDLS (see 1) were 2.72 and
1.56 nm for the concentrated and diluted samples, respectively.
Considering that &-PLL has 32 residues and that it is
uncommon to find fewer than five strands in a parallel B-sheet,>®
the average length of an &-PLL B-sheet should be about 2.2 nm.
Comparing this value with the diameter (2Ry;) obtained from PDLS,
we can assign this process to the diffusion of individual B-sheets in
&-PLL solutions, possibly each surrounded by a layer of water.

When the sample is in a disordered state, the chains are
extended in a polymer-like structure. In this case, the susceptibility
calculated from DDLS measurements in Fig. 10 shows a more
pronounced and faster process than that for the sample at pH = 10.
Since this process is faster than that at pH = 10, it is unlikely to
represent the diffusive motion of the whole molecule as in the
previous case. This process for the sample at pH = 7, also has a
diffusive g-dependency, and may therefore be related to segmental
relaxation consisting of several monomers.

Since the DDLS experiment measures the reorientation of
the optical anisotropy tensors of the &-PLL molecule, the
a-relaxation can be identified as a reorientation of monomer
segments of the e-PLL molecule in the B-sheet conformation
and in the unfolded structure. But obviously the reorientation
of the optical anisotropy tensor of o-PLL during the o process is
incomplete, and it is terminated by the g-dependent density-
density correlation of the A-DLS process. As the intensity of
the A-DLS process is slightly larger in the pH = 7 case, the
a-relaxation in the B-sheet conformation leaves less relaxation
intensity for the final A-DLS process and thus seems to be less
restricted than in the more unfolded conformation. While it is
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Fig. 11 Temperature dependence of the relaxation times of the fast-
water relaxations in different systems (e-PLL at pH = 10, low density
amorphous ice (LDA),%® poly(vinyil pyrrolidone)'® and dextran®*).

likely that the A-process is related to the whole &-PLL molecule
in the solution with pH = 10, it is unclear how to attribute our
findings to a more concrete molecular picture for the sample at
pH=7.

4.3 Fast-water relaxation

Finally, we focus on the water relaxation observed by BDS [see
Fig. 9(c)]. As established in previous works,"*'*° the fast-water
relaxation for the sample with pH = 10 is universal for all
confined water and aqueous solutions, and it can therefore be
considered as bulk-like water>* (i.e., with minor influence from
interactions with the solute). This can be seen in Fig. 11b where
we show a comparison of the relaxation times for solutions
that present two water related relaxations such as poly(vinyl
pyrrolidone) or dextran. Independent on the type of solute, the
fast water relaxation times (at high enough water contents) are
very similar. However, the fast water relaxation becomes one
decade faster at low pH values when the main chain is
unfolded, as shown in Fig. 9(c). The &-PLL in the disordered
state has a larger content of polar and non-polar residues
exposed to water than &-PLL in the folded state. In addition,
carboxyl and amine groups are protonated at pH = 7, and this
could affect the concentration of free ions in the solution. In
fact, previous studies on the properties of the hydration water
in disordered proteins reveal a non-uniform distribution and
higher hydration water density,>® as well as a faster dynamics""
around these proteins as compared to the globular case, in
agreement with our findings.

5 Conclusions

We combined DLS and BDS approaches studying the dynamics
of a fully homogeneous aqueous &-PLL solution at pH = 10 with
the &-PLL in B-sheet conformation. In addition, we examined
the dynamics of the same solution at pH = 7, when the &-PLL
chain is in a disordered state.

15028 | Phys. Chem. Chem. Phys., 2021, 23, 15020-15029

View Article Online

Paper

As previously concluded from studies using BDS and NMR,
the dynamics of this system is complex. Due to the particular
combination of techniques in the present study, the segmental
e-PLL o-relaxation was clearly identified in both solutions.
Moreover it turned out that the segmental and fast water
relaxations are slower when &-PLL is in a folded state.

In addition to the a-relaxation, by both DDLS and PDLS we
find two slower processes (A-DLS and B-DLS processes) that
cannot be observed in BDS experiments. The B-DLS process is
due to the presence of bubbles and not solid particles in the
solutions as determined by both diluting and degassing the
sample. The A-DLS process has a 1/¢> dependent relaxation time,
which indicates a diffusive dynamics. For the homogeneous
sample at pH = 10, this DLS process is assigned to the diffussion
of single-molecule &-poly(lysine) whereas in the polymer-like
conformation (pH = 7), the picture is less clear and needs more
detailed investigation.
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