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Hypothesis: Recently, we reported a three-dimensional phase diagram for the gelation of cationic tripep-
tide glycylalanylglycine (GAG) in water—ethanol mixtures. We showed that the gel strength reaches an
optimum for a peptide concentration of 200 mM and ethanol/water mixtures with ca. 55-60 mol% etha-
nol. An increase of the ethanol fraction causes a substantial upshift of the gel’s softening temperature
which is indicative of a reduced peptide solubility. We expect the formation of long crystalline fibrils
which form the sample spanning network of the gel phase to precede the gelation process and that
the fibril microstructure depends on the rate and concentration of peptide.

Experiments: We used UV circular dichroism (UVCD) spectroscopy to probe the kinetics of GAG fibril for-
mation as a function of peptide concentration and ethanol fraction. We provide experimental evidence
for the notion that the utilized CD signal reflects the three-dimensional assembly of peptides rather than
a two-dimensional sheet structure. UVCD was also used to probe the melting of GAG fibrils with increas-
ing temperature. FTIR and vibrational circular dichroism (VCD) spectroscopy were employed to charac-
terize the structure of sheets with which the observed fibrils were formed.

Findings: Fibrilization and gelation kinetics occur on a very similar time scale for very short gelation
times (<7 min) observed at high peptide concentrations and/or ethanol fractions. Otherwise, gelation pro-
ceeds significantly slower than fibrilization. The trends in the UVCD spectral response parallel the trends
in the storage modulus as a function of peptide concentration and ethanol fraction. IR and VCD profiles of
amide I' reveal that fibril structure and the respective chirality are both affected by peptide concentration
and solvent composition. At high ethanol fractions, the VCD changes its sign suggesting a conversion from
phase II to phase I. Generally, the latter is obtained only at temperatures below 15 °C. Altogether, our

Abbreviations: UVCD, Ultraviolet circular dichroism; VCD, vibrational circular dichroism; IR, infrared; GAG, glycylalanylglycine.
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results reveal how GAG fibrilization and gelation are interrelated and how the gel properties can be tuned
by changing the composition of the ternary GAG/water/ethanol mixture.

© 2020 Elsevier Inc. All rights reserved.

1. Introduction

It is well known that even very short (low molecular weight)
peptides can self-assemble into supramolecular structures, such
as nanotubes or long and stable fibrils, if their amino acid compo-
sition and end groups provide a substantial amount of aromaticity
[1-7]. At variance with this notion, we recently discovered that
cationic glycylalanylglycine (GAG) in ethanol/water self-
assembles into extremely long (on a sub-millimeter scale) crys-
talline fibrils which cause gelation via the formation of a sample
spanning network. The self-assembly is facilitated by the organiza-
tion of GAG at the ethanol cluster/water interface, whereby
adsorbed molecules can preferentially aggregate [8]. At high
enough peptide and/or ethanol concentrations, the adsorbed pep-
tide clusters are large enough to act as nuclei for additional peptide
crystal growth into a volume spanning network, see Fig. 1.

Depending on the temperature during nucleation and growth,
two distinct gel phases can form: phase I, forms below and phase
II, forms above 16 °C. These two phases differ in terms of their for-
mation/reformation kinetics, their gel strength, and the helical
twisting of the underlying fibrils. Reformation of both gel phase
after annealing at 50 °C depends heavily on the time the sample
is allowed to stay at the annealing temperature. This finding sug-
gests that the gel phases represent metastable states and not ther-
modynamic equilibria. Generally, the reformation of phase I after
annealing leads to stronger and more stable gels than the corre-
sponding reformation of phase II [9].

Over the past ten years, optical and vibrational spectroscopy
has played an essential role in characterizing and understanding
the nucleation and growth phenomena of self-assembled peptide
structures. For example, various research groups have utilized
vibrational circular dichroism (VCD) to study fibril formation. Pep-
tide fibrils are generally cross B-sheet tapes that can adopt a helical
twist, and this twisting enhances the otherwise weak VCD signal of
amide | modes [10-15]. The VCD enhancement and concomitant
changes of the peak wavenumber of amide I is predominantly
due to vibrational coupling between strands in a sheet so that
the spectral response probes the formation of sheets with some
type of ordered, helically twisting rather than the formation of
protofibrils or even fibrils. Our previously reported amide I profiles
in IR and VCD spectra of both GAG gel phases suggest that they are
composed of less ordered, twisted sheets that do not exhibit the
canonical B-sheet structure. This twisting and disorder lead to a
substantial enhancement of the VCD signal [11]. Concurrently,
we observe a splitting of the amide I' profile in the IR spectrum
as the VCD signal becomes more enhanced. Both the VCD enhance-
ment and IR band splitting reflect a delocalization of the amide I
modes due to the interstrand excitonic coupling [16]. If the degree
of structural order is high and the twisting of fibrils is homoge-
neous, intensity in the IR and VCD profiles are dominated by a
few transitions into excitonic states.

In a recent paper, we combined a well plate experiment with
the results of rheological and microscopy measurements to obtain
a two-dimensional self-assembly phase diagram, see Fig. 2, of the
ternary GAG/water/ethanol mixtures [17]. There exists a critical
ethanol and peptide concentration, which causes GAG to aggregate
and form a volume spanning crystalline fibril microstructure. Our
results show that the rate of microstructure evolution increases
with increasing peptide concentration and/or ethanol fraction,

see Fig. 1. Furthermore, the steady state elastic modulus depends
on the packing and homogeneity of the fibril microstructure. For
instance, Fig. 1 depicts a homogenous microstructure with a higher
modulus formed from moderate kinetic rates versus an inhomoge-
neous one with a lower modulus microstructure formed from fast
formation kinetics.
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Fig. 1. Schematic diagram visualizing the working hypothesis guiding the exper-
iments described in the paper. The figures illustrate the proposed relationship
between the kinetics of fibril formation, the resulting gel phase and the melting
behavior. Details are explained in the text.
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Fig. 2. Solubility diagram of GAG at 20 °C. The crosses represent the results from
the 96-well plate experiment showing fibril formation. The variation of the GAG
concentration is depicted along the x-axis, while the variation of the ethanol mole
percentage is displayed on the y-axis. The grey area corresponds to a fully dissolved
peptide, the green area indicates the formation of a viscous, fibrillar phase, and the
orange area represents insoluble peptide.

We hypothesize that the formation and thermal stability of the
fibrils is governed by the thermodynamic solubility limit of GAG
peptide in the ethanol solution. This is supported by the observa-
tion that the network softening temperature, defined as the critical
temperature when a network microstructure is lost, increases with
increasing peptide concentration and ethanol fraction, see Fig. 1. In
other words, the sol-gel transition denoted by the phase boundary
in Fig. 2 denotes a critical solubility of peptide whereby self-
assembly of the peptide into macroscale fibrils is favorable [17].
The higher the concentration of ethanol for a given peptide concen-
tration, the more insoluble the peptide, which leads to faster devel-
opment of a fibril network and a higher concentration of fibrils.
More fibrils and lower solubility require a higher softening temper-
ature to solubilize enough fibrils such that the network connectiv-
ity is lost, and the modulus of the microstructure drops to zero.

While rheology and microscopy provide an overview of the
macroscopic aggregate network, several questions remain with
regard to the nature of the peptide self-assembly process and the
peptide aggregate structure. For example, it is unclear whether
increasing peptide concentration and/or ethanol concentration
induces the same self-assembled structures. Furthermore, the
hypothesis of thermodynamic solubility driving self-assembly still
remains untested on the molecular level. In this paper, we report
the results of spectroscopic studies that complement the work of
Thursch et al. to probe the formation of protofilaments and fibrils
at the same conditions used for our rheological studies [17]. We
use UV circular dichroism (UVCD) to explore the formation and
the thermal stability of GAG fibrils as a function of peptide concen-
tration, ethanol fraction and temperature. We utilize UVCD to
probe the kinetics of phase II gelation as a function of peptide con-
centration and ethanol fraction. IR and VCD spectroscopy are used
to explore the gel phase II at different points of the gel phase space.
UVCD is also used to determine the apparent melting temperature
of fibrils. Ultimately, the spectroscopic results are put into the con-
text of the rheology and microscopy results discussed in Thursch
etal [17].

2. Materials and methods
2.1. Materials
Unblocked glycyl-alanyl-glycine (H-Gly-Ala-Gly-OH, GAG) was

purchased from Bachem with >99% purity and was used without
further purification. Solvent mixtures of ethanol (200 proof,

Pharmco-Aaper) and deionized water were used to prepare all
samples. In order to avoid the overlap of the strong water band
at 1640 cm ! with the amide I region (1600-1700 cm™!), deuter-
ated solvents, D,0 (99.9% purity, Sigma Aldrich) and ethan(ol)-d
(EtOD, 99.9% purity, Sigma Aldrich), were used for the vibrational
spectroscopy studies. EtOD is the deuterated ethyl alcohol with
the alcoholic hydrogen replaced by deuterium. The pH of the sam-
ples was adjusted to approximately 2 by adding HCl (ACS grade,
Ricca Chemical Company) to ensure complete protonation of
GAG. Samples were prepared by weighing out the peptide in an
Eppendorf Tube at room temperature and diluting with the appro-
priate amount of deionized water and HCI. Ethanol was added to
prepare a desired EtOH/H,0 ratio and the sample was vortexed
for a few seconds. No filtration was necessary due to the purity
of the solvents and to ensure no peptide was taken out of solution.
All samples were in a temperature-controlled sample compart-
ment in the instrument within three minutes.

2.2. Ultra-violet electronic circular dichroism and absorption

Spectra were measured on a Jasco J-810 spectropolarimeter
(model J-810-150S) purged with nitrogen. The temperature was
controlled using a Peltier controller (model PTC-423S). Samples
were loaded onto a 100 pm cell from International Crystal Labora-
tories. UVCD spectra were recorded between 180 and 300 nm with
a 500 nm min~! scan speed, 1 s response time, 0.05 data pitch, and
a 5 nm bandwidth. For kinetics experiments, five spectra were
obtained and averaged at each time interval. For temperature ramp
experiments, samples were held at each temperature interval for
200 s to ensure equilibrium. Subsequently, ten spectra were
obtained and averaged. All spectra were corrected using appropri-
ate background subtraction. In order to obtain the spectral
response associated with the melting of the gel and large fibrils
we have to correct the measured change of A&y, (T) for the intrin-
sic temperature dependence of the A¢&y;; in the sol phase which has
been shown to be linear [16]. The intrinsic change of dichroism
was inferred from the temperature dependence of Aé&yy; measured
at a peptide concentration well below the boundary between gel
and sol phase while the ethanol fraction of the corresponding fib-
rillar/gel phase measurement was maintained.

2.3. Vibrational circular dichroism and fourier transform infrared
(VCD/IR) spectroscopy

As described above, vibrational spectroscopy studies required
the use of deuterated solvents. VCD and IR spectra were measured
on a BioTools ChirallR and loaded in a 121 um CaF2 biocell from
BioTools. Spectra were collected with a resolution of 8 cm~! and
a scan speed of 83 scans per minutes using the Grams/IR 7.00 soft-
ware (Thermo Galactic). Temperature was maintained by using a
BioTools water-cooled temperature controller. For kinetics studies,
two-minute scans were collected every five minutes for the desired
length of time. The IR spectra were not solvent corrected in order
to allow us to observe any changes of the solvent bands. The spec-
tra were decomposed into individual Voigtian bands using our
MULTIFIT program [18].

2.4. Thermodynamics of fibril melting

We analyzed the fibril melting probed by changes of UV circular
dichroism in terms of a two-state model reflecting the gel = sol
transition. The apparent change of the circular dichroism is thus
given by:

Afip | ASfip
OAEgip + OAEsg @ R T
R (1)
14+e %"
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where JAé&s;, and dA&g, are the differential 221 nm dichroism values
in the gel and sol phase, respectively. R is the gas constant and T is
the absolute temperature. AHg, and ASg, are the fibrilization
enthalpy and entropy, respectively. The melting temperature is typ-
ically given by:

AHge|
— 2
ASge )

T

We acknowledge that the formalism of Egs. (1) and (2) is rather
heuristic in that it treats the system as a canonical ensemble. Ide-
ally, the Boltzmann factors in Eq. (1) should be given in terms of
the Gibbs free energy differences between GAG fibrils and fila-
ments, and oligomers and monomers, which together self-
assemble into fibrils via primary and secondary nucleation pro-
cesses. However, the lack of information about equilibrium con-
stants of the individual self-assembly steps makes such an
elaborate representation impractical. Hence, the incorporated ther-
modynamic parameters represent the energetics of the entire self-
assembly process.

2.5. Fibrilization of kinetics

In line with Farrell et al. [16] we relate the kinetics probed by
changes of UV circular dichroism to the formation of fibrils by uti-
lizing the theoretical approach of Knowles et al. [19] which leads to
the following equation:

Aepi(t) =A {1 —exp <— <B+ + g) ert 4+ <B, - g>B,e’“ + C)}
+ A8;21 (3)

The underlying theory considers the growth of nuclei as well as
a second nucleation process caused by the dissociation of fibrils. A
is a scaling factor proportional to the total peptide concentration
that is available for fibril formation. It also reflects the dichroism
induced by electronic coupling between different sheets of a fibril.
Hence, it depends on the relative arrangement of sheets in fibrils as
well as the thickness of the latter. The coefficients B, are defined as
follows:

ks M(0)
ETUE

B
- 2Meor

(4)

where P(0) and M(0) are the initial number and mass concentra-
tions of the filaments. We assume that B. = 0. The coefficient C is
given by:

C = kymls k' (5)

The rate constant x in Eq. (3) can be written as:

K= \V 2m[0[1<+k, (6)

where k, is the rate constant for monomer addition to a peptide
aggregate, k_ is the corresponding dissociation constant, k, is the
nucleation rate constant, and my,, is the total concentration of pep-
tides. If one expresses the total peptide concentration in units of
Molar, a large n. reduces C significantly. Farrell et al. simplified
Eq. (3) to:

Ay (t) = A[1 — exp{C- (1 - cosh(k1))}] + Aéyy, 7)

The hyperbolic cosine term can account for the sigmoidal
behavior since it decreases slowly close to t = 0 and much more
rapidly over time. For t > k! it becomes very large and the expo-
nential term vanishes. The theory of Knowles et al. is a simplifica-
tion since it does not consider the intermediates associated with

conformational changes or entanglements of fibrils. Note that the
small slopes observed at long times, indicative of very slow struc-
tural rearrangements, are ignored in the fit.

3. Results and discussion

This section is organized as follows. We first discuss the phase
diagram presented in Fig. 2. Next, we explore the kinetics of fibril-
ization for selected samples corresponding to points directly above
the solution-gel phase boundary line by UVCD spectroscopy.
Together with IR and VCD spectra of these samples, we reveal
how properties of the fibrillar network vary over the phase space
in terms of underlying structure and dynamics. In order to selec-
tively assess the influence of peptide concentration and ethanol
fraction on gel properties, a middle point in the fibril/gel phase
space was selected as a “central point” from where we vary only
one component (peptide concentration or ethanol fraction) to
study their individual influence on the gel. Furthermore, we use
UVCD spectroscopy to probe how the melting of the fibrillar struc-
ture depends on the position in the fibril/gel phase space. The
obtained data allow us to construct a three-dimensional melting
phase diagram. Finally, at the end of the section, we take a holistic
look at all data reported in this and the preceding paper for a com-
prehensive and quantitative characterization of the investigated
gel phase [17].

3.1. Two-dimensional phase diagram

Fig. 2 shows a two-dimensional phase diagram based on a 96-
well plate experiment reported in [17]. All samples were prepared
at the same time and fibril formation was visually determined over
a one-week time period. The cross symbols in Fig. 2 represent the
peptide concentration and ethanol fraction of the samples pro-
duced for the well plate experiment that showed fibril formation.
The green and grey areas represent the solid fibrillar and the sol
phase, respectively. We argue that the phase diagram in Fig. 2
can be explained via peptide solubility. Ethanol reduces the good-
ness of the solvent and thus the solubility of peptide in solution
and therefore induces self-assembly at a critical peptide/ethanol
concentration. The data suggests that a higher peptide concentra-
tion at constant ethanol fraction leads to more peptides available
to form a larger number of fibrils rather than causing elongations
of already existing fibrils. The kinetics of fibrilization and
microstructure evolution depends non-linearly on concentration
of peptides available to form fibrils. A higher kinetic rate of fibril
formation leads to a less homogeneous packing of fibrils. Likewise,
the data suggests that the solubility of peptide decreases with
increasing ethanol concentration. Based on the earlier reported
rheological and microscopic data, we hypothesize that increasing
the ethanol concentration increases concomitantly the rate of
self-assembly, the final fibril density, and the heterogeneity of fibril
microstructure. A visualization of our hypothesis is shown in Fig. 1.

3.2. Effect of altering components on gel formation

The experiments described below were designed to explore
how altering the various components of the GAG/ethanol/water
mixture changes the kinetics of peptide fibrilization and the prop-
erties of the gel. In paper I, we determined that the kinetics, homo-
geneity, and stiffness of the fibrillar network depends on where
one probes these properties in the gel phase space. For example,
we showed that the time constant to reach steady state rheology
varies between 2.5 min, at high peptide/high ethanol concentra-
tions, and 100 min at low peptide/low ethanol concentrations.
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The final storage moduli range between 10%-10° Pa and reflects the
homogeneity/heterogeneity of the fibril network.

3.3. Gel and fibril melting

In (I), we observed via microscopy and rheology that the con-
centration of fibrils is a continuous decreasing function of increas-
ing temperature. Instead of observing a characteristic melting
temperature, we observed a steady decrease of the concentration
of fibrils.

Another critical property of gels and fibrils is their melting or
transition temperature. We measured Aé&yy; as a function of step-
wise increased temperature to probe the dissociation of the long
crystalline fibrils which provide the material for gelation. As indi-
cated before, the UVCD spectrum of the fibrillar/gel phase departs
from known spectra of secondary structures [16,20]. Both gel
phases give rise to positive Cotton bands of different magnitude
while the corresponding VCD signals of amide I exhibit opposite
signs. The latter observation indicates a change from a right-
handed helical twist in phase I to a left-handed one in phase II.
Apparently, the thus reflected change of sheet chirality is overrid-
den for UVCD. The only plausible explanation for this observation
is that the observed Cotton band results predominantly form
inter-sheet coupling in fibrils. While inter-sheet distances of e.g.
10 A render this coupling weak for amide I [11], it can still be
expected to be significant for UV absorption and CD since the
underlying transition dipole coupling scales with the square of
the involved transition dipole moments. The latter are generally
an order of magnitude larger for electronic than for vibrational
coupling [21]. Hence, we expect electronic excitonic states to be
delocalized over many stacked sheets. This notion is consistent
with the observed redshift of the absorption spectrum [20]. Taken
together our experimental observations as well as the above phys-
ical consideration strongly suggest that the positive Cotton band in
the UVCD spectrum reflects the formation of peptide fibrils which
eventually form the network that underlies the gel phases. In our
earlier paper we considered the possibility that the anisotropy of
the sample might cause some artificial dichroism. However, the
very fact that our signals can be very well reproduced rules out this
possibility.

In principle one would expect that the transition temperature
inferred form UVCD data might be different from the melting tem-
perature of the gel, since the utilized spectroscopic response
reflects changes of the fibrilization status rather than the assembly
of fibrils in the network. Hence, the apparent melting temperature
is expected to be different from the softening temperature inferred
from rheological data [17]. The relationship between the thermal
transitions probed by rheology and UVCD will be delineated in
more detail below.

Fig. 3 shows the corrected 6A&,,1(T) as a function of tempera-
ture. The solid lines therein result from fits of Eq. (1) to the
obtained melting curves. Since the fibrillar state is metastable
one might suspect that the measured temperature dependence of
0A&1(T) does not reflect a thermodynamic equilibrium, i.e.
0A&x1(T) would depend on the heating rate. However, we
observed no time dependence of the A&y,; signal after a given heat-
ing step. suggesting that the system is at or close to equilibrium in
our experiments. This view is further supported by the steady state
melting of fibrils observed as a function of temperature via rheol-
ogy and microscopy in (I) [17]. The best fit parameters are given in
Table 1. Fig. 4 shows a three-dimensional phase space of Ty, versus
peptide concentration and ethanol concentration. The smooth
hyperplane represents interpolation between data points. Increas-
ing the peptide concentration increases Ty, (e.g. doubling the con-
centration increases the temperature by ca. 10 °C). Increasing the
ethanol fraction by less than that amount doubles Ty,. This obser-
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Fig. 3. The dichroism differential §A&;,; of samples in the fibrillar/gel state plotted
as a function of temperature across the phase line (top), 55% ethanol and varying
GAG concentration (center), and 200 mM GAG with varying ethanol concentration
(bottom). The solid lines resulted from the fits explained in the text.

vation underscores a notion expressed in the preceding papers that
ethanol strongly affects the solubility of GAG in water-ethanol
mixtures. By increasing the ethanol fraction the goodness of the
solvent for GAG decreases which forces more peptide to self-
assemble into fibrils. Higher temperatures are required to increase
the solubility of GAG and thus a higher T, is observed. It should be
noted that upon the addition of ethanol the vaporization tempera-
ture of the solvent becomes equal or even lower than T,,; suggest-
ing that peptide fibrils do not melt in the investigated temperature
range above a certain ethanol fraction.

The obtained thermodynamic parameter values warrant some
further discussion. There is a non-monotonic dependence of either
A Hpp, or ASpp, on peptide concentration and ethanol fraction. It is
remarkable that both parameters go through a maximum, i.e.
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Table 1

Thermodynamic parameters obtained from fitting Eq. (1) to the temperature dependence of the dichroism differential §Ae,,; depicted in Fig. 3.
GAG [mM] EtOH [mol%] AH [k]/mol] AS [J/mol*K] Tm [°C]
350 36% - - -
300 42% 947.7 + 2108.6 3117.3 £ 6955.5 30.9
250 48% 427.1 +36.7 1402.6 £ 120.2 314
200 55% 195.9 + 13.1 639.2 +42.6 334
150 64% 153.8 +17.9 488.4 + 56.5 41.8
100 74% 143.6 + 16.6 4422 +51.5 51.5
200 42% - - -
200 48% - - -
200 55% 195.9 + 13.1 639.2 +42.6 334
200 64% 77.9 £49.2 2304 £ 153.1 64.9
200 74% 98.5+11.9 2904 +37.7 66.2
100 55% - - -
150 55% 1173 +£79.8 385.3 +252.6 31.3
200 55% 195.9 + 131 639.2 +42.6 334
250 55% 142.1 £ 19.6 4558 + 62.4 38.7
300 55% 134.1 £ 18.1 426.2 + 57.2 414

GAg Im M 100

Fig. 4. A melting phase diagram for GAG/water/ethanol samples in three dimen-
sions spanned by coordinates representing peptide concentration, mole fraction of
ethanol and the melting temperature of the fibrillar state. The hyperplane is
constructed by extrapolating between experimental data points.

around 250 mM GAG and an ethanol fraction of 0.48. The largest
AHjgp, and AS,;, are close to the mJ and kJ/K regime, but the respec-
tive statistical errors are large. Fig. 3 shows that the corresponding
melting curves are highly sigmoidal with a large slope at Ty,. For
the case of high ethanol fractions and low peptide concentration,
the thermodynamic parameters are below the 100 k] regime, in
line with the more gradual melting curves.

Fig. ST shows a very good correlation between enthalpy and
entropy, thus suggesting an enthalpy-entropy compensation. The
compensation temperature is 298 K and the value for the uncom-
pensated enthalpy is 7.9 kJ/mol, which is very low compared with
the AHp, values inferred from the various melting curves. The
observation of linear enthalpy - entropy relations are frequently
suspected to reflect mathematical correlations rather than an
underlying physical mechanism [22,23]. In such a case the
obtained thermodynamic parameters would lack significance.
However, for most melting curves, the compensation temperature
is significantly below Ty, In the case of erroneous correlation
effects which can be rather typical for van’t Hoff analyses of chem-
ical equilibria one would expect that the correlation temperature
to be in the range of obtained melting temperatures [24].

The absence of any significant mathematical correlation
between AH and AS is further corroborated by simulations visual-
ized in Fig. S2. We used Eq. (1) to calculate various melting curves
with the T,-value observed for the sample with 100 mM GAG in
74 mol% ethanol (Fig. 3a) by varying the AH-value between 100
and 200 kJ/mol. The corresponding AS-values were calculated with
Eq. (2). These simulated melting curves as well as the experimental
dichroism data and the corresponding fitting curve are shown in
Fig. S2 (left). It is obvious that none of the calculated curves repro-
duce the experimental data as well as the curve obtained from our
non-linear least square fitting. The slope around the midpoint Ty, is
either under- or overestimated. This visual observation is corrobo-
rated by the reduced 2 values depicted in Fig. S2(b). Values below
two were only obtained in the range between 140 and 160 kj/mol,
which contains also the fitting parameter value for AH (Table 1).
The width of this region is in good agreement with the statistical
uncertainty of +16.6 kJ/mol obtained from our non-linear least
square fitting (Table 1). Outside of this region the y2-values show
a steep increase with decreasing and increasing enthalpy values,
respectively. We consider this analysis as representative for all
obtained melting curves. A larger uncertainty than reported in
Table 1 might exist only for the parameters obtained from the
incomplete melting curve of the 200 mM GAG 74 mol% ethanol
sample, where we could not reach the high temperature region
because of technical limitations.

The obtained value for the compensation temperature indicates
that the thermodynamics of solvent-peptide interaction determine
the melting process [25]. The high values of the thermodynamic
parameters at intermediate peptide and ethanol concentrations
reflect an optimum at which the number of fibrils available for
forming a spanning network is maximal so that a rather homoge-
neous sample-spanning network is formed.

3.4. Kinetics of fibrilization

Fig. 5 shows the kinetics of GAG fibrillization probed via UV cir-
cular dichroism at 221 nm obtained from three sets of experiments
for samples with peptide/ethanol concentrations close to the phase
boundary line defined in Fig. 3(a), with 200 mM GAG and various
ethanol fractions (b), and with 55 mol% ethanol and various GAG
concentrations (c). The solid lines represent fits of Eq. (3) to the
data. Note that all samples to the right of the phase boundary line
formed fibrils, however the sample with the highest peptide con-
centration and lowest ethanol fraction showed no change in signal
after three hours, suggesting a very low concentration of fibrils.
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Fig. 5. Kinetics of aggregation measured via dichroism Ag;;; of samples along the
phase boundary line (left), 200 mM GAG and varying ethanol (center), and 55%
ethanol and varying GAG concentration (right). The solid lines represent the best fit
of Eq. (7).

This notion is in line with the very slow kinetics observed in corre-
sponding rheological experiments reported in (I) [17].

The best fit parameters of Eq. (3) are listed in Table 2 and the
reduced chi-squared values indicate very satisfactory and statisti-
cally reliable fits. Several aspects of the obtained fitting parameters
deserve to be mentioned. First, the amplitude A reaches maximal
values at intermediate peptide concentrations and ethanol frac-
tions. This correlates with the trends in G’ observed in (I). The
respective maxima are positioned at the same points (55 mol%,
200 mM) along the transition boundary and increasing ethanol
fraction. However, rheology and spectroscopy deviate for high pep-
tide concentration; A initially increases with increasing peptide
concentration but reaches a maximum at 200 mM and then subse-
quently decreases for further concentrations. This decrease in A is
also observed for increasing ethanol fractions, while it remains rel-
atively unchanged across the gel/solution boundary line. Interest-
ingly, the identified maxima of A and G’ are also close to the

maximum of the AHg, and ASg, values derived from our melting
curves. This correlation will be discussed in more detail below.

The self-consistency of our analysis dictates that C and x
depend on the total peptide concentration as indicated by Egs.
(5) and (6), respectively. Fig. S3(a) shows a double logarithmic plot
of four C-values as a function of peptide concentration that we
obtained for the constant 55 mol% ethanol. Only the three data
points obtained for the highest peptide concentration exhibit a lin-
ear behavior from which we derived an ncvalue of 1.75, which is
very close to the value of two that Knowles et al. obtained for
the fibrilization of amyloid fibrils [19]. The C-value of the data
point at the lowest peptide concentration lies significantly below
the regression line obtained for the other three data points
(Fig. S2). The lower panel of Fig. S2 shows a plot of x versus the
square root of the peptide concentration (Eq. (6)). Again, the data
points observed for the three highest peptide concentration follow
the prediction of the theory. It is very unlikely that the correlations
between C and x occurred by coincidence.

Moving along the path at the phase boundary towards higher
ethanol fraction and lower peptide concentrations leads to a
decrease of C plateauing around 200 mM GAG and 55 mol% etha-
nol. Concomitantly, x increases and levels off at this point. We
would like to remind the reader that A and the thermodynamic
parameters become maximal at this point in the gel phase. The
interplay between C and « is discussed in more detail below. When
changing solely the ethanol concentration, k decreases while the C
term stays relatively unchanged (within uncertainties).

3.5. VCD and IR spectroscopy

We have exploited the large VCD signal of amide I' together
with the corresponding IR profile to track the formation kinetics
of the GAG fibrils in ethanol/water over time. For clarity, we only
show the final spectra in Fig. 6 (full kinetics are reported in
Figs. S4-S17). To ensure that we do not observe any changes that
are a result of solvent evaporation during the process, we deter-
mined the integrated intensity of the ethanol combination tone
at ca. 1920 cm ' and observed no decrease over time. Furthermore,
to allow for a correct comparison between samples, we decom-
posed the IR spectra into Voigtian bands. An example is shown in
Fig. S18. Since the integrated intensity (oscillator strength) of the
entire amide I’ band profile should not be affected by the gel for-
mation process, we suspected that observed minor intensity
changes might reflect precipitation or liquid-protein demixing
which produces an inhomogeneous sample with peptide clusters
of different sizes. The occurrence of such demixing processes is
clearly revealed by the microscopy images reported by Thursch
et al. [17]. Since we focus on fibrilization kinetics in this study,
we normalized all the spectral intensities to accurately compare
and assess changes of the amide I' band profiles (i.e. changes of
the relative intensities of underlying sub-bands) as well as any
enhancement of the corresponding VCD signal.

The samples assignable to the lower right corner of the phase
diagram (Fig. 2), for which we did not observe an increase in the
UVCD spectra (vide supra) with time, show an increase in the
respective VCD spectrum, but do not show a clear, definitive sepa-
ration of the amide I’ bands in IR. This suggests that even though
the fibril formation process is not complete, or barely observable,
some amorphous oligomers of protofilaments have formed. For
the interpretation of the remaining IR and VCD profile we refer
to the results of recent density functional theory (DFT) calculations
that involved a geometry optimization and vibrational analysis of
different GAG oligomers in implicit ethanol and water. Two differ-
ent GAG oligomer structures are argued to underlie the formation
of fibrils for phases I and II. One is formed by antiparallel oriented
peptides where individual strands exhibit the canonical p-strand
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Table 2

Parameter values obtained from fitting Eq. (3) to the kinetics of fibrilization reflected by the time dependence of the dichroism differential A¢&,,;depicted in Fig. 3 for samples
across the phase boundary line (top), varying only ethanol (middle), and varying only the GAG concentration (bottom).

GAG [mM] EtOH [mol%] A x [min~!] C A&, [M~' em™'] x& Std. Err.
350 36% - - - - - N
300 42% 0.12 51 x 1074 7.77 x 107 -0.17 0.98 0.01
250 48% 0.72 6.6 x 107 1.02 x 10* -0.14 0.97 0.04
200 55% 0.96 1.1 x 1073 8.45 x 10° 0.08 0.97 0.06
150 64% 0.64 12 x 1073 9.82 x 10° -0.10 0.97 0.03
100 74% 0.78 14 x 1073 9.61 x 10° 0.34 0.94 0.04
200 42% - - - - - -
200 48% - - - - - -
200 55% 0.96 1.1 x 1073 8.45 x 10° 0.08 0.97 0.06
200 64% 0.33 52 x 107 3.71 x 10° 0.39 0.97 0.03
200 74% 0.12 6.1 x 1074 7.93 x 10° 0.51 0.97 0.02
100 55% - - - - - -
150 55% 0.23 3.1 x 1074 2.00 x 10° -0.22 0.96 0.01
200 55% 0.96 1.1 x 1073 8.45 x 10° 0.08 0.97 0.06
250 55% 0.80 13 x 1073 1.06 x 10* -0.21 0.97 0.03
300 55% 0.57 14 x 1073 1.15 x 10* 0.11 0.97 0.03
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Fig. 6. VCD and IR spectra of samples corresponding to points along the phase boundary line (left), 200 mM GAG and varying ethanol (center), and 55% ethanol and varying

GAG concentration (right) recorded 120 min after incubation.

structure, but the entire sheet (e.g. of an octamer) looks like a
heavily bent tape. This bending gives rise to a positive amide I' cou-
plet in the VCD spectra, in line with what we observed for phase |
below 16 °C.

For sheets with parallel oriented GAG, however, the geometry
optimizations yielded a somewhat disordered sheet structure with
a mixture of strands adopting polyproline II, B-strand and inverse
y-turn structures with a somewhat regular pattern. The strands
with a turn-like conformation produce a left-handed twist of the
sheet, which gives rise to a negative amide I' couplet as observed
for gel phase II of GAG. The VCD profile (Fig. 6, a) of 200 mM
GAG - 55% EtOH (in green) is the classic example a signal repre-
senting left-handed helicity. That is the type of VCD signal we

expected to observe for all investigated ‘coordinates’ of the gel
phase, since we had confined this investigation to phase II. How-
ever, the VCD profile that we recorded with a low peptide concen-
tration and a high ethanol fraction (100 mM, 74 mol% ethanol, in
blue) exhibits the opposite behavior, it is a super-enhanced posi-
tive couplet diagnostic of phase I. This finding suggests that the
temperature region of the phase I = phase II transition shifts up
with increasing ethanol concentration so that the latter becomes
observable at room temperature.

Moving to the lower right region of the phase diagram (Fig. 2)
leads to less pronounced amide I' splitting and multiple positive
and negative maxima in the VCD spectra (Fig. 6a). These multiple
maxima are indicative of a larger dispersion of excitonic
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transitions. At the end of the path, there is only a single amide I
band but a rather large, positively biased but still negative VCD
couplet. This indicates there is some protofibril formation with sig-
nificant left-handed (helical) twisting. The amide I remains split. If
one moves instead along the path for constant ethanol fraction
(55 mol %, Fig. 6¢) the VCD of amide I’ is pronounced and exhibits
somewhat distorted negative couplets as earlier observed for gel
phase II. Interestingly, however, the signal becomes just a purely
negative and more pronounced couplet at 200 mM peptide concen-
tration and 55 mol% ethanol. This sample corresponds to the point
in the phase diagram for which we reported our first IR and VCD
spectra of the GAG gel. It is actually close to the positions of the
maxima obtained for A, G’ and the thermodynamic parameters
(vide supra).

Amide I profiles measured with constant peptide concentration
(200 mM) as a function of ethanol fraction (thus moving upwards
at the center of the phase diagram in Fig. 2) show a somewhat
expected behavior (Fig. 6b). For ethanol fractions close to the phase
boundary we observe a single amide I band and moderate VCD
enhancement. For 55 mol% ethanol/45 mol% water we reproduce
the enhanced negative VCD couplet reported by Farrell et al. [26].
Upon increasing the ethanol fraction further, a rather large
enhancement was observed that lead to a W-shaped VCD signal
which seems to be indicative of a mixture of phase I and II gels.
The VCD signal observed for the highest ethanol fraction (74 mol
% ethanol) indicates significantly increased dispersion of excitonic
amide I’ transitions which one would generally interpret as an
indicator of a somewhat disordered fiber structure which might
correspond to the rather inhomogeneous gel phase reported by
Thursch et al. [17].

3.6. Comparison of rheological and spectroscopic analysis

Kinetics. In Thursch et al., we analyzed the kinetic traces of the
storage modulus in terms of a simplistic model to account for their
sigmoidal character. The equation for the storage modulus was
written as:

/

' G
¢ =g (8)
+ ()
where G, is the maximum storage modulus reached in Pa when

the kinetic trace levels off, is an effective time constant given by
the inflection point of the trace, and a is a measure of the coopera-
tivity of the gelation process. Eq. (8) accounts for the sigmoidal
character of the kinetic traces (better visible on a linear scale) and
thus for the occurrence of a lag time.

Here, we compare the effective rate constant 7, and the kinet-
ics of fibrilization probed by time dependent UVCD spectroscopy.
Such a comparison is complicated by the fact that the formalism
employed for the analysis of the latter is somewhat more intricate
than the power law described by Eq. (8) in that the argument of the
exponential function in Eq. (7) is basically a hyperbolic function of
time which increases non-linearly and continuously. This produces
effectively a time dependent rate constant. We wondered, how-
ever, whether the time dependence of the rate constant itself could
be correlated to rheology kinetics. In order to check for this possi-
bility, we employed the parameter values in Table 2 and inserted
them into the following equation, where the numerator is the
derivative of the exponential part of Eq. (7):

CrceCl1-cosh(x) sinh (rct)
kp = 1 — eC(1—cosh(xt) ”

where kg, can be interpreted as an effective rate constant of fibril-
ization. If the argument of the exponential function in Eq. (7) was

linearly time dependent, kg, would be a constant. As shown in
Fig. S19 the effective rate constant decreases as time increases. This
decreasing rate constant indicates a disproportional decrease of
available protofibrils. Next, we checked whether the plots in
Fig. S19 can be reasonably well reproduced by a fit with the
equation:

kﬁbmm . (10)
1= (&)
which resembles Eq. (8) used to analyze the gelation kinetics. kg,
is the minimal effective rate constant and t¢p is the effective time
constant of kg, decay. The fits shown as the solid lines in Fig. S19
can be deemed suitable for a comparison with the kinetics of the
gelation process. The respective fitting parameters are listed in
Table S1. Only for two plots derived from the UVCD kinetics, namely
at 300 mM peptide concentration/42 mol% ethanol and at 150 mM
peptide concentration/55 mol% ethanol, were we unable to repro-
duce the curvature of the respective kg, curve. The resulting time
constants, along with the corresponding rheology constants
reported in (I) are shown in Table 3.

For very fast gelation processes fibrilization and gelation occur
on a similar time scale. For slower gelation, network formation is
significantly slower than peptide aggregation. In fact, the timescale
for aggregation is relatively insensitive to the solution conditions,
while the gelation timescale is strongly dependent on both ethanol
and peptide concentration. This finding suggests that CD may be
probing the nucleation rate, which is relatively fast and indepen-
dent of experimental conditions, while rheology probes the growth
rate of the fibrils, which is highly dependent on experimental con-
ditions. Considering this, it can be argued that under conditions
where nucleation and growth are of similar magnitudes, jammed
heterogeneous peptide structures are formed, while a separation
of nucleation and growth leads to more homogeneous networks.

Gel strength, dichroism amplitudes, and thermodynamics. As
shown above, ¢, the CD amplitude A, and thermodynamic param-
eters exhibit a maximum at intermediate peptide concentrations
and ethanol fractions. Furthermore, there appears a linear correla-
tion between G’ and A. Fig. S20, shows values of A versus final stor-
age modulus value G’ 4. Since A is related to the differential molar
dichroism Ag,;, scaled by the peptide concentration, A€y, multi-
plied by the molar concentration and the optical pathway used for
our CD measurements is comparable with G';,.x. We term the thus
rescaled parameter A'. Increasing the peptide fraction leads to an
increase in A’ and G';,qx parameters, while a decrease is observed

kﬁb =

Table 3
Comparison of time constants of gel and fibril formation derived from kinetics probed
by rheology and dichroism differential 5Ag;51.

GAG [mM] EtOH [mol %] Tgel [Min] Tcp,o [min]
Rheology uvCcD

350 mM 36% [S] [S)

300 mM 42% 3] 3]

250 mM 48% 100.58 + 1.05 7.57 +0.39
200 mM 55% 39.12 £0.17 7.89 +0.20
150 mM 64% 27.95 £ 0.31 7.90 £ 0.14
100 mM 74% 8.96 + 0.03 7.90 +£0.11
200 mM 42% - -

200 mM 48% - -

200 mM 55% 39.12 £0.17 7.89 +0.20
200 mM 64% 3.84 + 0.06 7.50 = 0.62
200 mM 74% 2.63 £ 0.02 7.32 £ 0.46
100 mM 55% - -

150 mM 55% 87.69 £ 0.17 7.20 £ 0.86
200 mM 55% 39.12 £ 0.17 7.89 +0.20
250 mM 55% 11.37 + 0.06 7.90 +£0.11
300 mM 55% 6.33 £0.13 7.90 = 0.09
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if the ethanol fraction is increased. Moving along the phase line
does not show a monotonic trend, but rather a maximum at
200 mM, 55 mol% EtOH. Since A’ (and also A) is essentially a scaling
factor for the UVCD fits, it can be said that as the gel strength
increases, the UVCD signal behaves concomitantly. Thus, A’ can
be understood as a measure of the number of fibrils and their
respective thickness.

It is interesting to note that the values of G, A, AHg;, and ASg,
reach a maximum at intermediate peptide concentration and etha-
nol fractions, e.g. G’ and A’ are both maximal for concentrations in
the 200-250 mM range and 55 mol% ethanol (Fig. S20). Recall that
G’ is a measure of the persistence length of the fibrils and the mesh
size (distance between entanglements) [27]. The microscopic
images in the preceding paper suggest that the maxima of G’ and
A’ correspond to an optimal network of fibrils in which the mesh
size is minimized. This leads to an optimal strength of the gel. A’
is a combined indicator of the concentration of peptides available
for fibrilization and the number of interacting electronic transi-
tions in peptide fibrils. The latter can increase with the thickness
as well as with the length of fibrils. Obviously, an increase of the
ethanol fraction beyond the above optimum and a simultaneous
decrease of the peptide concentration reduces the number of fibrils
and leads to a poorly connected network. All these effects reduce
G'max as well as A’, confirming our hypothesis that the addition of
ethanol reduces the effective solubility of the peptide. Interest-
ingly, the position in the gel phase where AHg, and AS,;, become
maximal is only slightly displaced towards higher peptide and
lower ethanol fractions compared to the maximum in G'. The max-
imum of the thermodynamic parameters is likely to represent a
scenario of maximal chemical potential of interacting peptides.

Finally, the temperature dependence of G’ reported in the pre-
ceding paper can be understood as reflecting the decreasing num-
ber of sufficiently long peptide fibrils with increasing temperature.
It is therefore reasonable to expect a correlation between the soft-
ening temperatures (rheology) and the melting temperature (spec-
troscopy) of fibrils. This expectation is validated by the plot in
Fig. 7. For all but one sample, the softening temperature of the for-
mer is lower than the melting temperature (300 mM, 55 mol%
EtOH). This and another data point were omitted from this plot
for our regression analysis. The latter corresponds to an incomplete
UVCD melting curve, i.e. the data did not reach the inflection point
(200 mM, 74% EtOH), since the melting temperature exceeded the
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Fig. 7. Correlation plot relating the melting temperatures of the fibrillar state
derived from the respective temperature dependence of the dichroism Ag,,; and
the softening temperature of the corresponding gel temperatures determined by
measuring the temperature dependence of the respective complex modulus. The
linear trend line has an R? value of 0.89.

boiling temperature of ethanol. The complete plot that also con-
tains these two data points is shown in Fig. S21. The linear trend
line in Fig. 7 has an R? value of 0.89 which suggests that the soft-
ening of the sample is indicative of a critical loss of fibrils.

4. Conclusion

We investigated the formation of GAG peptide aggregates in
ethanol-water mixtures as a function of peptide concentration
and ethanol content using spectroscopy to complement our previ-
ous rheological measurements. Together, these results strongly
support our leading hypothesis that solubility strongly governs
the self-assembly process. For example, GAG solubility is more
strongly dependent on ethanol fraction than on peptide concentra-
tion. Increasing peptide concentration or ethanol fraction shifts the
fibril softening and aggregate melting temperatures to higher val-
ues. The self-assembly process is rate limiting at large ethanol frac-
tions or high peptide concentrations and intermediate ethanol
fraction. In both cases, the formation of clusters of highly concen-
trated fibrils accelerates network formation but leads to less homo-
geneous networks with lower moduli and a lower CD signal.
Otherwise, the network formation process is diffusion limited
forming a more homogeneous fibril network.

There are several important spectroscopic signatures that corre-
late to fibril handedness, network heterogeneity, and kinetics. For
example, this study clearly shows that the formation of GAG fibrils
leads to a splitting of the amide I’ band for all peptide concentra-
tions and ethanol fractions. Furthermore, the observed VCD pro-
files of GAG indicate a transition from gel phase II (left-handed
twisted fibrils) to phase I (right-handed twisted fibrils) for solu-
tions with high ethanol fractions. In a recent work, we showed that
gel strength is correlated to the kinetics of fibril formation and the
density of fibrils, which is directly correlated to the UVCD signal. It
is evident that there are optimal conditions for fibril network for-
mation such that a critical number of fibrils is formed, and the rate
of formation is slow enough that the network forms uniformly.
Furthermore, AHg, and ASg, derived from spectroscopy also indi-
cate an optimum chemical potential at intermediate peptide con-
centrations. Together these measurements outline important
signatures in characterizing the self-assembly and network forma-
tion of GAG fibrils in the presence of ethanol.

Rules for peptide self-assembly proposed in the literature do
not provide a unifying picture. Work on peptides of moderate size
(between 10 and 20 amino acid residues) seem to suggest that pep-
tide aggregation and the subsequent hydrogel formation require
alternating or complimentary charges [28-30]. However, experi-
ments on a series of similar amphiphilic peptides with alternating
ionizable and hydrophobic residues (MAX-peptides) with a turn-
supporting motif in the center revealed peptide fibrilization and
hydrogel formation upon the deionization of the hydrophilic resi-
dues [31,32]. The self-assembly and subsequent gelation of even
negatively charged alanine-based peptides further complicates
the picture [33]. Alternatively, suitable combinations of hydropho-
bic and aromatic groups have been named as a necessity for pep-
tide self-assembly [34-37]. It is undeniable that hydrophobic
interactions play an important role in the early phase of amyloid
B aggregation [38]. The self-assembly of ultrashort peptides inves-
tigated by Gazit, Ulijn and their respective coworkers are all facil-
itated by interactions between aromatic groups [2,7,39-43]. None
of the mechanisms listed above can really account for the self-
assembly and gelation of GAG in water/ethanol.

In this context, it is noteworthy to cite the review of Draper and
Adams who argue that just stating that a peculiar molecule can
form gels is simplistic without mentioning the corresponding solu-
tion conditions (solvent components, pH, temperature, ionic
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strength, etc.) [44]. These authors emphasize the decisive role of
e.g. peptide-solvent interaction, a notion that our current study
strongly corroborates. DiGuiseppi et al. provided strong evidence
for a quasi-catalytic function of ethanol [8]. Furthermore, our
recent study on rheology [17] and the spectroscopic analysis
reported here demonstrates that there exists a solubility phase dia-
gram whereby peptides aggregate and fibrils favorably form at crit-
ical peptide and ethanol concentrations. These results will
undoubtedly motivate molecular dynamics simulations [23,24] of
peptide self-assembly in the presence of ethanol and other
solvents.

Finally, preliminary work shows that the peptide fibrils can be
made stable even after the removal of ethanol. This suggests that
ethanol can be used to form the fibril network and subsequently
removed, such that GAG hydrogels can be used for bioengineering
applications. We expect that these materials can be optimized to
be used as a drug or cell delivery system [38-41] or incorporated
in a scaffold for tissue engineering [42-44,].
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