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ABSTRACT: Upon deprotonation of its imidazole group at ~pH 6, the 4 6 8
unblocked tripeptide glycylhistidylglycine (GHG) self-assembles into very

long crystalline fibrils on a 10—1000 pm scale which are capable of forming DN
a volume spanning network, that is, hydrogel. The critical peptide —CHz‘Q i _CHZ_QH§ [
concentration for self-assembly at a pH of 6 lies between 50 and 60 mM. N =

The fraction of peptides that self-assemble into fibrils depends on the S g =
concentration of deprotonated GHG. While IR spectra seem to indicate g‘_?,
the formation of fibrils with standard amyloid fibril B-sheet structures, 8s

vibrational circular dichroism spectra show a strongly enhanced amide I’
signal, suggesting that the formed fibrils exhibit significant chirality. The
fibril chirality appears to be a function of peptide concentration.
Rheological measurements reveal that the rate of gelation is concen-
tration-dependent and that there is an optimum gel strength at
intermediate peptide concentrations of ca. 175 mM. This paper outlines the unique properties of the GHG gel phase which is
underlain by a surprisingly dense fibril network with an exceptionally strong modulus that make them potential additives for
biomedical applications.

B INTRODUCTION with an axial dimension of 107°~107% m. (Note that the term
hydrogel is used even if the solvent is a binary mixture of
water).”* We observed hydrogel phases formed by two
unblocked tripeptides, namely, glycylalanyglycine (GAG)**
and glycylhistidylglycine (GHG),” the former in water—
ethanol mixtures and the latter in water via deprotonation of
the imidazole side chain. Several observations have been made
regarding the propensity of these peptides to self-assemble. For
example, GAG must be in its cationic state and above a critical
concentration to form a gel. The critical concentration depends
on the ethanol fraction and was found to vary between ca. 60
mM for high ethanol mole fractions (0.8) and 350 mM for
ethanol mole fractions around 0.35.°%” The gelation of GHG
seems to require the deprotonation of the imidazole ring
occurring at pH >6 and a concentration above ~50 mM, but a
more precise determination of critical conditions for self-
assembly and gelation is still outstanding.

While GAG gels have already been investigated exten-
sively,”**°™** our understanding of GHG gelation is yet in its

Over the last 15—20 years, a plethora of papers and review
articles have appeared which reported the self-assembly of mid-
sized to short oligopeptides into supramolecular structures
such as nanotubes and scaffold-forming hydrogels.'~” The
latter is potentially relevant for biotechnological purposes such
as drug release and tissue repair. For a long period of time, it
was thought that the number of residues in an oligopeptide has
to exceed a certain threshold (m = 10—12) to self-assemble
into ordered fibrils.*” However, short peptides (m < 10) with
strong aromatic components have been shown to be quite
capable of forming supramolecular structures on the nano-
meter and micron scales, including very stable hydrogels or
gels in mixtures of dimethylsulfoxide (DMSO) and
water.”'°”"* A canonical example is the dipeptide fluorenyl-
methyloxycarbonyl-di-phenylalanine and its derivatives
(FmocFF)."* ™' The respective fibrils are formed by the self-
assembly of f-sheets via 71— stacking between phenylalanine
residues.'”~"” This discovery prompted computational studies
which suggested that aromaticity is pivotal for the propensity
of short oligopeptides to self-assemble.”””’ Received:  February 9, 2021
Recently, our research groups discovered a new class of Revised: ~ May 18, 2021

rather unexpected gelators that form supramolecular structures Published: June 2, 2021
that are quite different from those observed with short

aromatic oligopeptides.””** Hydrogel phases formed with the

latter are generally underlain by a network of rather thin fibrils
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Figure 1. Left: Phase diagram of GHG in water with respect to peptide concentration and solution pH. Samples were characterized visually as those
showing no visible large-scale peptide aggregates (red dots in red phase), those with partial aggregation (yellow and orange dots in yellow phase),
and nearly complete aggregation (dark green dots in light green phase). The background has been added as a visual guide for the identification of
phases. Right: GHG samples illustrating the visibility of large-scale aggregates indicated by the dots in the phase diagram.

infancy.”” Even though imidazole is aromatic in the
deprotonated state, it is by no means a top candidate for
promoting large-scale self-assembly.”’ However, what distin-
guishes imidazole from other amino acid side chains is its
avidity for hydrogen bonding. At neutral pH, the equilibrium
between the z-tautomer (NeH) and the 7-tautomer (NSH) is
dominated by the former in the zwitterionic state of the
peptide.”” The s-tautomer has been shown to act as a
hydrogen bonding donor and acceptor, whereas the 7-tautomer
frequently involves hydrogen bonding with amide protons of
protein backbones.*” Apparently, this capability is diminished
in the protonated state of the imidazole ring where it can
function solely as a hydrogen-bonding donor. The relevance of
the histidine’s protonation state for the self-assembly of
peptides has been emphasized earlier. Nanofibril formation
by the oligopeptide H6 occurs between pH S and 6.5, which is
clearly indicative of imidazole deprotonation as the facili-
tator.”’ The fibrillization and gelation of an octa-peptide that
contained only a single histidine residue at the C-terminal was
found to require a nearly neutral pH.”” Together with our own
observations, these results suggest that deprotonated histidine
is a strong promoter of self-assembly into fibrils.

Figure 1 shows an earlier reported two-dimensional phase
diagram for GHG in water, illustrating a critical pH for
fibrillization that decreases with increasing peptide concen-
tration.” Tt suggests that above pH 6.2, the self-assembly of
GHG requires a dissolved peptide concentration of ca. 50 mM.
The critical pH varies between ca. 6.2 at 50 mM and ca. 5.8 at
submolar peptide concentration. IR and vibrational circular
dichroism (VCD) spectra obtained for a gel formed in a
sample of 175 mM GHG at pH 6.39 seemed to suggest that
GHG forms a sol—gel mixture of helically twisted f-sheet and
soluble monomers/amorsphous aggregates that are not
incorporated in the gel,” but this interpretation requires
further validation. Rheological data measured with the same
sample revealed a strong gel with a storage modulus between
40 and 50 kPa and tan § values between 0.1 and 0.2.”

Several important questions remain regarding the nature of
GHG self-assembly via pH switching. For example, it is unclear
to what extent the decrease in critical pH reflects a decrease in
the effective pK value that results from the stabilization of the
deprotonated state by self-assembly and gelation. Moreover, it
is yet unknown how the formation of sheets and fibrils under
different conditions (ie, pH and peptide concentration)
affects the network macrostructure and gel strength. While the
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storage moduli of peptide gels generally exhibit a monotonic
function of the peptide concentration,””** the gel strength for
GAG gels in the water/ethanol mixture was found to reach a
maximum at peptide concentration between 200 and 250 mM
peptide concentration in the mixture of 55 mol % ethanol and
45 mol % water.”® Finally, it is unclear whether the sheet
structure that underlies the observed crystalline fibrils is a
typical f-sheet. This cannot be taken for granted in view of our
earlier findings of a non p-sheet structure for GAG fibril
networks.” "%

This paper aims to address these issues via rheological, IR/
vibrational circular dichroism (VCD) and conventional
microscopy measurements of three different peptide concen-
trations (75, 175, and 300 mM) at different pH values. These
concentrations are positioned at the corners and the center of
the phase diagram reported by Hesser et al.”> Our results
reveal an intricate relationship between the fibril structure, gel
strength, fibrillization network, and peptide concentration.

B MATERIALS AND METHODS

Materials. 1-Glycyl-L-histidyl-L-glycine (GHG) acetate salt was
obtained from Bachem Biosciences Inc. (King of Prussia, PA) with
>99% purity and used without further purification. The absence of
trifluoroacetic acid (TFA) was confirmed by IR spectroscopy.
Deuterated water (D,0) was the solvent used (99.9% purity, Aldrich
and 99.8% purity, TCI). The pD was adjusted using deuterium
chloride (DCI) (35 wt % in D,0, 99 atom % D, Aldrich) and sodium
deuteroxide (NaOD) (30 wt % in D,0, 99 atom % D, Aldrich).

Sample Preparation. Since all the IR and VCD experiments had
to be performed in D,0, DCI and NaOD were used for adjusting the
pD of the sample. Generally, a value of 0.4 has to be added to the
measured pH value to calculate the corresponding pD.*® However, for
practical purposes outlined below, we report the measured pH value
and denote it as pH*. A stock solution of GHG (ca. 400 mM) was
prepared in acidic D,O. To dissolve the peptide, the pH* was
adjusted by the addition of DCI until no solid peptide sample was
observed. This was vortexed and allowed to sit ca. 10 min to ensure
complete dissolution. Dissolution was confirmed visually, as the
suspended peptide particles are opaque white, while the dissolved
peptide is clear and colorless. The final pH* as measured at ambient
temperature was between 2 and 3 for all samples. The final
concentration of this stock solution was ca. 400 mM. Information
about the amount of GHG used to produce the stock solutions and
their concentrations and pH* values is listed in Table SI.

The peptide samples investigated in this study were prepared from
the stock solution listed in Table S1. First, we determined the
necessary amount of stock solution to obtain a final sample volume of
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ca. 400 puL. Next, an aliquot of stock solution of the proper volume
was pipetted into an Eppendorf tube. The final volume of the sample
was prepared by adding an appropriate combination of D,O and
NaOD. D,0 was added to the stock solution in the Eppendorf tube,
and the resulting solution was vortexed to mix. This solution was kept
at 25 °C in a water bath for a minimum of 10 min prior to the
addition of a base. The base solution was also equilibrated for the
same time in the same bath. For the preparation of the 300 mM, pH*
6.61 sample, a 1:5 dilution of stock NaOD in D,0 was used. For all
other samples, we employed a 1:10 dilution of the stock NaOD in
D,0. The exact volumes used to make each solution are given in
Table S2.

To prepare the different gel samples, the dilute NaOD solution was
pipetted into the stock peptide and D,O solution. The thus-prepared
sample was vortexed again briefly (ca. S s). The pH* was measured
prior to the appearance of light-scattering aggregates by a properly
calibrated Fisher Scientific Accument ARSO pH probe, software
revision 1.04b. The sample was then prepared for use depending on
the utilized experimental technique. For spectroscopy measurements,
the sample was pipetted into the appropriate cell (discussed below) to
allow for gel formation. For rheological measurements, the sample was
transferred to the rheometer plates. For microscopy, it was mounted
using a pipette onto a slide. In all cases, the sample was transferred
prior to the formation of visible aggregates.

All experiments were carried out under temperature-controlled
conditions at 25 °C. For steady-state experiments, including the
measurement of gel spectra, samples were left for a minimum of 2 h
before commencing the measurement to ensure complete gelation (cf.
the below-reported and discussed gelation kinetics). For kinetic
measurements, the start (t = 0 s) was recorded as the time when the
base solution was added to the sample.

Infrared and VCD Spectroscopy. All infrared spectroscopy
experiments were performed with peptides in deuterated water. For
IR measurements performed as a function of peptide concentration
pH*, samples were loaded into a CaF, biocell from BioTools with
pathlengths of 15 or 122 um. The specific pathlength for each
measurement was used to convert the measured absorbance to molar
absorptivity. Sample temperature was maintained using a BioTools
water-cooled temperature controller. This was set to 25 °C to agree
with rheological measurements of the corresponding samples.

Fourier transform infrared (FTIR) spectra were measured on a
BioTools ChiralIR. Spectra taken in conjunction with VCD
measurements were collected with a resolution of 8 cm™ and scan
speed of 83 scans per minute using Grams/IR 7.00 software (Thermo
Galactic). IR spectra taken without a concurrent VCD measurement
were collected with a resolution of 8 cm™ as the average of 350 scans.
IR spectra were not solvent-corrected, as doing so resulted in negative
absorbance values. This observation indicates that gelation changes
the spectrum of water by encapsulation into the gel structure.

Part of the observed IR spectra in the region from 1400 to 1800
cm™" were decomposed into individual Gaussian bands in the amide
I’ region and Voigtian bands (COO™,,) using MULTIFIT software®”
and an in-house spectral decomposition program written in Matlab.
The Matlab decomposition also accounted for a Voigtian character in
the lowest-wavenumber amide I' band. The MULTIFIT fitting
routine has an internal check to determine when the fit is satisfactory.
Both fitting routines utilized least-squares procedures.

In order to check for birefringence, the sample cell was rotated ca.
120° and spectra were retaken, resulting in three total spectra at three
different orientations. The sample cell was marked so that the
alignment was reproducible for later experiments. Measurements of
the pure solvent (not shown) indicated no apparent artifacts.

For VCD experiments, samples were prepared in the same way as
for FTIR, utilizing the same Chiral IR spectrometer. Solution spectra
were taken for 10 h in order to gain an appropriate signal-to-noise
ratio. Gel spectra were collected for 1 h, as the enhanced signal in the
amide I’ region was sufficiently distinguishable after that time.

In addition to IR spectra measured with the abovementioned
BioTools instrument, we used the ATR setup of a Thermo Nicolet
Nexus 870 FT-IR spectrometer in the absorbance mode to record the
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kinetics of peptide self-assembly at 175 mM. The spectra were
recorded with 32 scans at a 4 cm™" resolution at room temperature
with a deuterated triglycine sulfate (DTGS) detector in the 650—4000
cm™" range for mid-infrared (M-IR) spectra. The kinetics experiments
were performed every minute for 30 min starting right after gel
formation.

Rheology. Rheology measurements were obtained using the
abovementioned solutions. Measurements were taken using a DHR-3
(TA Instruments) using a Peltier temperature-controlled plate
maintaining a constant temperature of 25 °C. The top plate diameter
was 25 mm. A gap of 700 um was used for all steps. Mechanical
properties were probed using small-amplitude oscillatory shear
measurements. Angular frequency sweeps were made from 100 to
1073 rad s™" using a 0.03% strain.

To avoid solvent evaporation, safflower oil was added as a solvent
trap around the free surface of the sample. The samples were prepared
1—3 min prior to loading. Note that ¢ = 0 was recorded when the base
was added to the solubilized peptide solution.

Microscopy. Microscopy images of GHG gels were taken of the
same samples used for rheological experiments. The freshly prepared
peptide solutions were pipetted into concave microscope slides in
triplicates. Images were taken after 200 min or at the time when the
storage modulus plateaued, as determined by rheology. The
microscopic images were acquired using an Amscope 7X-45X
Trinocular Stereo Zoom brightfield microscope equipped with an
Amscope MU130 camera.

B RESULTS AND DISCUSSION

This section of the paper is organized as follows. In the first
step, we use the phase diagram reported by Hesser et al.*
(Figure 1) to estimate the concentration of deprotonated
histidine at the boundary between the gel and sol phase. Next,
we report and analyze the IR and VCD spectra of the gel phase
at different peptide concentrations and pH*. The kinetics of
GAG self-assembly is probed by time-dependent IR spectros-
copy. Subsequently, we examine kinetics and strength of the
gel phase. Finally, we turn to microscopy to probe how the
formed sample-spanning network depends on peptide
concentration. It should be noted that in the following, we
use the term “deprotonated GHG” for the zwitterionic state of
the peptide.

Relationship between pK, and Critical pH for Self-
Assembly. Figure 1 shows that the critical pH decreases from
ca. 6.4 to 5.8 with increasing peptide concentration, which
suggests that self-assembly occurs at pH values above the pK
value of the imidazole side chain.> We wondered whether
similar critical concentrations of deprotonated GHG could be
obtained for the three peptide concentrations investigated. To
check for this possibility, we calculated the concentration of
deprotonated peptides as a function of pH using

[GHG],

[GHG] gy = ————2—
depret g [H,01] + 1

(1)

where [GHG], is the initial peptide concentration, K, denotes
the equilibrium constant of imidazole protonation, and [H;0*]
is the hydronium ion concentration. Equation 1 can be easily
derived from the respective mass action law and mass
conservation. For GHG monomers, K, would correspond to
a pK value of 6.48.”°> We used eq 1 to calculate the titration
curves for the three peptide concentrations which are shown in
Figure S1 together with the [GHG]gepro; values calculated for
the corresponding critical pH values of the boundaries between
the red and yellow and between the yellow and green phase,
which are indicated by yellow diamonds and green circles,
respectively. The corresponding values lie in narrow regions
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between 0.03 and 0.04 mM for the red-yellow and between
0.035 and 0.045 mM for the yellow-green boundary, suggesting
that the critical concentrations of deprotonated GHG are very
similar for the three investigated total peptide concentrations.

If the underlying self-assembly of peptides is a highly
cooperative process, it can be represented by a very simple
scheme

GHGgpoe + [H;0'] = GHG @)

prof

While the obtained similarities of critical peptide concen-
trations meet expectations, the use of the solution pK, of
6.48>> seems to be counterintuitive. One would expect that
fibrillization and gelation should stabilize the deprotonated
state and thus give rise to a lower apparent pK value. We
therefore used eq 1 to calculate the titration curves for lower
pK, values and found that even a small decrease in the latter
significantly increases the difference between the critical
concentrations for the two-phase boundaries.

We wondered whether this issue could be resolved by
considering the different ionic strengths of the highly
concentrated peptide solutions used in the current study and
the 10 mM solution employed for the determination of the pK
value of the GHG monomer. As described in Material and
Methods, GHG was first titrated into the acidic region (all
groups protonated) by adding DCl to ensure sufficient
solubility. Subsequently, NaOD was added to achieve the
indicated pH*(pD) value. Moreover, the as-received solid
GHG sample is an acetate salt which produces an acidic
pH*(pD) upon dissolution in aqueous solution. This protocol
produces concentrations of sodium, chloride, and acetate ions
which together amount to approximately twice the peptide
concentration, since two groups (COO~ and imidazole) are
first protonated by the involved acids and subsequently
deprotonated by NaOD. Therefore, the apparent pK of the
imidazole side chain must take into account the influence of
the employed ionic strength of the sample using the Debye—
Huckel correction®®

3ANT
1+ BJI (3)

where A = 0.51 M™/2 and B = 1.6 M~"/2. The ionic strength I
was estimated in molar units. pk, is the pK value of solution at
zero jonic strength. We varied the pK, value until we
minimized the difference between the respective critical
[GHG]geprot values for the three peptide concentrations
investigated. Thus, we obtained a pK; value of 6.0. The
updated values of [GHG] g between the red and yellow
boundaries (yellow diamonds) and yellow and green
boundaries (green circles) are between 0.028 and 0.039 mM
and 0.043 and 0.052 mM, respectively. Note that these values
are very similar to those inferred from the titration curves
calculated with eq 1. In view of the uncertainties of the
boundaries in Figure 1, we consider the precision of our
estimation of critical concentrations for fibril formation and
gelation as sufficient. The fact that the pK, value now differs
from the expected pK, value of 6.48 suggests that self-assembly
stabilizes the deprotonated state by a Gibbs free energy of
approximately 18 kJ/mol. However, the high ionic strength of
the samples used for the self-assembly experiments causes the
effective pK, to be practically identical to the monomeric value.

pK, = pk, +
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In what follows, we will use the titration curves visualized in
Figure 2 to relate the concentration of deprotonated GHG to

[GHG]deprot[M]

Figure 2. Concentration of deprotonated GHG calculated as a
function of pH by means of eq 1 for 7S mM (green short dash), 175
mM (red long dash), and 300 mM (black line) total GHG
concentration. The earlier reported a pK value of 6.48 was used for
the calculation.”® The samples forming at the full aggregation
boundary between the yellow and green phase of the phase diagram
in Figure 1 are indicated by yellow diamonds (highest pH* without
full aggregation at a given concentration) and green circles (lowest
pH with full aggregation at a given concentration).

the change in amide I' profiles. Figure S2 shows the same
titration curves as Figure 2 but with black dots indicating the
GHG concentrations used for our spectroscopic and
rheological experiments. The concentrations of deprotonated
GHG at the critical pH* of the red-yellow and yellow-green
boundaries indicated by yellow diamonds and green circles lie
between 0.043 and 0.052 mM for the red-yellow boundary and
between 0.028 and 0.039 mM for the yellow-green boundary.
In view of the uncertainties of the boundaries in Figure 1, we
consider the precision of our estimation of critical concen-
trations for fibril formation and gelation as sufficient.

Analysis of FTIR Spectra Taken at Different Points of
the Gel Phase. Figure 3 shows the IR spectra of self-
assembled fibrils between 1500 and 1750 cm™' formed with
75, 175, and 300 mM GHG in D,O for different pH* values.
Note that all points are representative of self-assembled fibrils
forming a hydrogel, as confirmed by rheology (vide infra). The
pH* values are reported as displayed by the pH probe and
have not been corrected to pD values which are generally ca.
0.4 units higher than the measured value. This allowed us to
relate our spectroscopic data to the phase diagram in Figure 1
and the calculation in the preceding paragraph. We argue that
such data representation is permissible because pK values of
protonable groups shift up by nearly the same amount in
D,0.*¢

Before discussing the results, we first acknowledge that given
the length of GHG fibrils and their propensity to form bundles,
the fibril networks might result in anisotropic macrostructures.
Note that anisotropic networks were reported for the gel
phases of cationic GAG.”® Anisotropy is known to cause
birefringence effects that influence recorded VCD and IR
spectra.””*" While newer instruments are capable of correcting
birefringence effects, the spectrometer model used in this study
does not fully eliminate them. Thus, to probe for the influence
of birefringence on the recorded spectra, we recorded the
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Figure 3. IR spectra of 75 (upper panel), 175 mM (middle panel),
and 300 mM GHG (lower panel) at pH* 6.67, 6.33, and 5.70 (left),
6.97, 647, and 5.92 (middle), and 7.38, 6.84, and 6.13 (right) in the
region between 1500 and 1750 cm™'. The sample was rotated
approximately 120° between scans, with the corresponding spectra
labeled R1 (solid line), R2 (dashed), and R3 (dot). All spectra were
normalized on the COO™,, band at 1596 cm™" for which we assumed
a peak molar absorptivity of 880 M~! cm™.*

spectra for three different orientations of the sample termed
R1, R2, and R3, which differ by ca. 1200. Figure S3 shows that
the spectra depend rather significantly on the rotation angle of
the biocell. Fortunately, upon closer inspection, we observe
that most of the differences are quantitative rather than
qualitative and thus could be eliminated by normalizing all
spectra on the COO™ antisymmetric stretching (COO,,) band
at 1595 cm™ as measured with R1 orientation with the 75 mM
GHG sample at pH* 6.67. The corresponding peak molar

absorptivity of this band (880 M™' cm™) is close to
experimental values of this band in tripeptide monomers.*
The normalized spectra are shown in Figure 3. While the
quantitative differences between the measured spectra
documented by Figure S3 reflect inhomogeneous densities of
peptides in the sample caused by the self-assembly of peptide
fibrils, the qualitative differences observed for 175 mM spectra
measured at pH* 6.84 most likely reflect an anisotropic
character of the gel phase.

All bands between 1600 and 1700 cm™ are assignable to
amide I'. All spectral series show the same trend regarding
changes in the amide I' band profile. At the lowest pH*, the
spectra resemble the doublet seen in the sol phase spectrum. It
is indicative of a mixture of extended conformations (polypro-
line II and p-strand).”® With increasing pH*, a peak in the
1630 cm™' region appears and increases with pH* and also
with peptide concentration. The appearance of this band in the
IR spectrum of the gel phase formed with 175 mM GHG has
been reported earlier by Hesser et al. and assigned to f-sheets,
in accordance with the current literature.”> However, we will
offer a somewhat modified view based on our spectral analysis
described below. Irrespective of any structural interpretation,
we conclude that the band at 1630 cm™ is an indicator for the
formation of long-scale self-assembled fibrils that precede the
formation of physically cross-linked fibrils in the gel network.
As expected, our data seem to indicate that the number of
fibrils in the gel network increased with pH* and peptide
concentration, which both produce higher concentrations of
deprotonated peptides (vide infra).

Figure 3 clearly shows that the amide I' region peaks are
observed at the same wavenumbers for all three samples, which
indicates that the underlying structures are the same. One
interesting difference is the unique feature observed for the 300
mM sample; namely, the pH-dependent band at 1632 cm™,
which exceeds the COO-antisymmetric stretch intensity at
pH* 6.13. We analyzed the spectroscopic data using an in-
house MatLab program for spectral decomposition (cf.
Material and Methods). The influence of bands below 1500
cm™ on the spectral analysis of the COO™,;/amide I’ region
was accounted for by performing the spectral decomposition
over the entire region between 1300 and 1800 cm™". Figure S4
shows examples of the resultant spectral decomposition. Our
analysis yielded four amide I’ bands at ca. 1632 (AL), 1644
(AL,), 1657 (Al), and 1678 cm™!(Al,) (Figure S4). Their
wavenumbers were found to vary within intervals of 2 cm™ for

1.0 ;
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Figure 4. Fractional intensities of sub bands in the amide I’ region of GHG in D,0O obtained from the spectral decomposition of spectra measured
with the indicated peptide concentration and pH*.
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AL,, Al and A, and of 4 cm™ for AL, Respective bandwidths
were found to depend on the orientation of the cell. We
calculated the fractional intensities of these bands by
normalizing their integrated intensities on the total intensity
of the amide I’ band profile. The analysis was performed for
spectra taken with different sample orientations (Figures 3 and
S3). The average fractional intensities of the abovementioned
amide I’ sub bands are depicted in Figure 4.

Based on their respective wavenumbers, the assignment of
these four bands seems to be straightforward. For example, Al;
and Al, are very close to the positions of the two amide I’
bands of GHG in solution,” while Al, and Al, are both in a
region where one expects contributions from p-sheets.*”~*
Different wavenumbers of the latter can be indicative of
different sheet lengths or different degrees of deformation by,
for example, twisting.***° If the spectra reflected a mixture of
dissolved monomers and gel-integrated fibrils, one would
expect a two-state behavior (monomer fibril) with the two
high-wavenumber band intensities (monomer) decreasing and
the two low-wavenumber band intensities (fibrils) synchro-
nously increasing with higher peptide concentration and pH*.
However, such a behavior was only observed for the 300 mM
samples. Figure 4 shows that for the 300 mM samples, the
combined intensity of AI, and Al, increases with increasing
pH*, while the combined intensity of Al; and Al, decreases. In
order to check whether the intensity distribution would change
turther in favor of Al, and Al,, we measured the IR spectrum
of a gel created at pH* 6.61 (80 mM deprotonated GHG).
The spectrum is shown in Figure SS. It very much resembles
the pH* 6.13 spectrum and exhibits only a slight increase in
Al (Figure 4). While the trends exhibited by the two groups of
bands seem to support a two-state scenario, one has to note
that the variations of the relative intensities within these two
groups are at variance with a simple two-state model. In the
lower-wavenumber group, the intensity gain of Al, with
increasing pH* occurs in part at the expense of Al,, which
indicates an increasing population of more ordered fibrils. The
high-wavenumber group is dominated by Al, at low pH¥,
while both bands depict similar intensities at high pH™.
Overall, the intensity of Al; decreases only slightly with pH*,
while the intensity of Al, decreases significantly. This
observation implies that the overall loss of intensity of the
high wavenumber group occurs mostly at the expense of Al,.
Interestingly, only the AI;/Al, intensity ratio observed at high
pH* actually resembles the intensity ratio of the two amide I'
bands in the spectrum of GHG monomers, which is indicative
of a dominance of extended polyproline II (pPII) and fS-strand
conformations.”” This observation suggests that only at high
pH*, the low- and high-wavenumber groups of amide I’ bands
represent predominantly peptide fibrils and monomers. At low
pH*, the dispersion of amide I" extends into the region above
1650 cm™'. We will return to this conclusion below when we
discuss time-resolved IR experiments.

Since all our data indicate that the deprotonation of the
imidazole side chain of GHG is the trigger for GHG self-
assembly and gelation, it makes sense to relate the amide I’
intensities to the concentration of this species. The latter has
been estimated above with a simple titration model augmented
by considering the ionic strength dependence of the pK value.
We now relate the calculated [ GHG ] gepro; values to the amide
I' compositions. Figure S displays the combined fractional
integrated intensities of Al; and Al, which are both indicators
of peptide self-assembly into ordered structures as a function of
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Figure 5. Combined fractional integrated intensities of the AI, and
Al plot as a function of the concentration of deprotonated GHG as
derived from the amide I’ band profile of the GHG gels obtained with
samples of 75 mM (red circles), 175 mM (blue circles), and 300 mM
GHG (black circles). The integrated fractional intensities of Al; as
obtained from the spectra of the 300 mM GHG sample are depicted
as black squares. The solid lines in the figure solely connect the data
points obtained from the spectra of the 300 mM sample.

[GHG ] epror- As expected from the abovementioned analysis of
the IR spectra, only the respective intensities obtained from the
300 mM data set exhibit a monotonic behavior in that the
fractional intensity increases nearly linearly with [GHG]gepror
before plateauing above 100 mM. The respective fractional
intensity of Al, which is also plotted in Figure S shows a
similar although more sigmoidal behavior. At low concen-
trations of deprotonated GHG, Al, gains intensity at the
expense of Al,, as already suggested above. Above 80 mM, the
growth of Al; coincides with an intensity decrease of AL, (cf.
Figure 4). These data indicate that the number of peptides
integrated in fibrils increases with [GHG]jepro until it reaches
saturation close to the midpoint of the corresponding titration
curve (Figure 2).

As already indicated in Figure 4, the combined fractional Al
and Al, intensities obtained from the spectra of the 75 and 175
mM samples are more scattered and thus indicate a less
monotonic behavior, but a general trend indicative of
increasing self-assembly with increasing [GHG]Q]eprot can be
discerned from the data. One could therefore hypothesize that
the scattering at low peptide concentrations may be indicative
of a competition between fibril self-assembly into ordered
fibrils and the formation of more disordered aggregates. Only
at high peptide concentrations does the former dominate over
the latter so that the respective amide I’ intensities display a
clear monotonic behavior. Altogether, our data indicate that
some self-assembly of GHG occurs even at 30 mM of
deprotonated GHG. However, the formation of ordered fibrils
indicated by Al, requires that [GHG]gepr exceeds a critical
concentration of ca. 50—60 mM.

VCD Spectroscopy. VCD spectroscopy is a more recent
addition to the toolbox by means of which one investigates
supramolecular structures such as (amyloid) fibrils of peptides
and proteins. Generally, the amide I modes of the underlying
P-sheet structure exhibit only weak rotational strength since
their chirality is not very pronounced.*”*® An ideal rippled
antiparallel S-sheet is built of unit cells with a C,,-symmetry
and exhibits an inversion center which makes it achiral
However, long fibrils of mostly achiral strands are frequently
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helically twisted which can induce an enormous enhancement
of the rotational strength of amide I modes. This has been
observed for amyloid fibrils of unfolded lysozyme® and
insulin®>" and the fibrils of short oligopeptides®™>” and t-
alanine crystals.”® Collectively, these results show that the
observed VCD enhancement can be used as an indicator of the
formation of ordered protein, peptide, and even amino acid
fibrils with intrinsic chirality. Thus, its applicability goes
beyond the normal use of IR spectra of f-sheets which allows
the identification of f-sheets but does not distinguish between
short sheets and long chiral fibrils. As shown by Farrell at al,
VCD enhancement can occur even in non f-sheet fibrils
formed by, for example, GAG in water/ ethanol.**

Figure 6 shows the VCD spectra of 75, 175, and 300 mM
GHG taken in the amide I' region at the highest pH*

75 mM

34 175mM

() \ ~

IO .. \ 0®®%0000000000
3

Aa[M'1cm'1]

1650 1700

1600

1650 1750

Wavenumber [cm™']

Figure 6. Amide I’ region of the VCD spectra of GHG measured pH*
7.38 (for 75 mM, upper panel), 6.84 (175 mM, middle panel), and
6.61 (300 mM, lower level). Spectra were taken with the orientation
R1 (solid line), R2 (dashed line), and R3 (dotted line) used for the
recording of the abovementioned IR spectra. The VCD spectra were
scaled with the same factors used to unify the IR spectra in Figure 3
for the sake of quantitative consistency.

investigated. We determined the influence of circular
birefringence on these spectra by measuring them at the
three different orientations described above.*”>* Spectra taken
with 75 and 300 mM GHG show a limited dependence on
sample orientation, but the more pronounced signal observed
for the R3 rotation of the latter should be noted. The
corresponding amide I' profiles can be described as positive
couplets with the negative maxima close to the Al, position
and the positive ones shifted to the red. As observed for other
fibrils, the rotational strengths exceed that of monomeric GHG
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by nearly 2 orders of magnitude.”> As indicated above, this
enhancement might be attributed to some type of chirality,
which in the case of a traditional f-sheet structure would be
helically twisting.”>*>*° Additionally, the anisotropy of the
sample is likely to contribute to the VCD enhancement.
Because of the large size of the fibrils they could not orient
themselves along the optical axis of the spectrometer because
of the limited size of optical path length (cf. Material and
Methods).

The couplet character of the amide I’ also reveals that Al
gains contributions from at least two excitonic transitions with
opposite rotational strength. The 175 mM spectrum depends
significantly more on the sample orientation which indicates
some degree of anisotropy in the sample. This observation is
fully consistent with the corresponding orientational depend-
ence of the IR spectrum (vide supra, Figure 3). The different
spectra even differ in terms of their sign sequence, but the most
intense signal observed with R2 rotation is predominantly a
negative couplet, similar to the ones observed for 75 and 300
mM. The pronounced VCD signal coincides with the very
strong Al, band in the R2 IR spectrum (Figure 3). It should be
noted that the 175 mM spectra are in qualitative agreement
with spectra of a 175 mM sample reported by Hesser et al.*.

Kinetics of Fibril Formation and Identification of the
Fibrils’ Amide I’ Profile. As we have argued above, the amide
I' profiles of GHG fibrils extends well above 1650 cm™!, which
is somewhat uncharacteristic for f-sheets. The uniqueness of
this observation requires additional investigation and dis-
cussion.

Figure 7 shows time-resolved FTIR spectra for 175 mM
GHG at pH* 6.16, that is, just above the critical line in the gel
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Figure 7. IR spectra of 175 mM GHG at pH* 6.19 measured as a
function of time. The spectral development is indicated by an arrow.
Spectra were taken after 38, 98, 204, 255, 312, 425, 476, 476, 525,
578, 660, 700, 756, and 1018 s with an ATR spectrometer.

formation phase diagram with an estimated concentration of
deprotonated peptides of ca. 50 mM. Under these conditions,
fibrillization kinetics are slow enough to be probed by ATR-IR.
We used our Multifit program to decompose the spectra
between 1300 and 1800 cm™ after appropriate baseline
subtraction. A large spectra region was chosen to ensure that
we appropriately accounted for overlap with the amide I" band.
Figure S6 shows the four amide I' bands and the intense
COO™ antisymmetric stretching (COO™,,) band at 1598 cm™"
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derived from the last recorded spectrum (1018 s). Initially, we
fit all spectra with the same number of bands, band positions,
and half-widths. However, this only resulted in satisfactory fits
for times longer than 300 s. Minor modifications were made to
the model for the earlier recorded spectra. In each case, the
amide I’ band profile was decomposed into the above-
introduced set of four amide I’ bands.

Figure 8 shows plots of the integrated fractional intensities
of Al,, Al;, Al,, and COO™ bands. Al, is practically time-
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Figure 8. Fractional integrated intensities of amide I’ sub bands Al,,
Al and Al, and the relative integrated intensity of the COO™
stretching band of 175 mM GHG at pH* 6.19 plotted as a function of
time after incubation on the surface of an ATR IR spectrometer. The
solid lines result from fits described in the text.

independent and is therefore not discussed in detail. The
kinetic traces were fit with an empirical sigmoidal function
given by

Al

I(t) =1, +
1+ exp(

—t

=) (4)

where I, is the intensity for t < t;, Al is the maximal intensity
change which can be positive or negative, t, is the time
corresponding to the inflection point, and 7 is a kinetic time
constant that determines the slope of the sigmoidal curve. The
solid lines in Figure 8 result from a nonlinear least squares
regression performed in Sigma Plot. For our purpose t, and 7
are the only relevant parameters to discuss, and the values are
listed in Table 1.

Initially, one might be surprised by the increasing intensity
of the COO™,, band at 1598 cm™' as a function of time.
Normally, one would expect the intensity of this band to stay
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Table 1. Kinetic Parameters Obtained from the Fits in
Figure 8

7 [s] ty [s]
CO0, 117 + 13 355 + 20
AlL 52+ 11 234 + 11
Al 27 £9 268 + 11
Al 85 + 50 139 + 113

constant with time, since neither its oscillator strength nor its
wavenumber position is expected to change drastically upon
fibril formation and gelation. However, this observation
becomes less of an issue if we consider the fact that the
integrated intensities of amide I' and of CH-deformation
modes below 1500 cm™" exhibit an increase in their respective
intensities as well. This overall increase can be explained by the
ATR technique, which only probes the first few micrometers of
the millimeter-thick sample. Therefore, the increasing COO™
intensity is signifying that near the ATR crystal surface, there is
a significant local increase in the number of deprotonated
peptides. This corresponds to the presence of self-assembled
peptide fibrils forming near the ATR crystal surface, which
represent highly concentrated structures of peptides. In other
words, by the end of the experiment, the ATR crystal is
predominately sampling fibril structures, and thus, the amide I’
profile more closely resembles the spectrum of pure fibrils and
possibly some incorporated monomers or short oligomers.
While the fractional intensities of Al; and Al, decreased with
time, they do not level off close to zero, which indicates that
either contributes to the excitonic spectrum of the fibrils in this
wavenumber region. Hence, we can conclude that the amide I'
profile of the GHG fibrils deviates from that of a canonical f-
sheet.

Furthermore, the t, values for Al, and Al; are only slightly
different, while the changes in Al, occurred on a faster time
scale (Table 2). Since the intensity of Al, is not zero at the
starting point of our experiment, a first fibril-forming burst
phase must have occurred on a shorter time scale. The fast

Table 2. List of the Calculated Concentrations of
Deprotonated GHG, Half Time of Gelation Kinetics, and
Plateau Values of Rheological Parameters Obtained for the
Indicated GHG Concentrations and pH* Values

[GHG Jgepror tp G’ G"
[M] min]  [Pa*10% [Pa*10°] tan §

75 mM 0.051 ~200 0.003 0.0004  0.13
pH* 6.67

75 mM 0.061 9 0.7 0.17 0.24
pH* 6.97

75 mM 0.069 13 1.28 0.44 0.32
pH* 7.38

175 mM 0.07 18 123 0.36 0.29
pH* 6.33

175 mM 0.086 14 4 1.67 0.29
pH* 6.47

175 mM 0.120 3 1.14 0.48 0.42
pH* 6.84

300 mM 0.03 55 0.029 0.0064 022
pH* 5.7

300 mM 0.057 22 0.76 0.19 0.25
pH* 5.92

300 mM 0.088 7 23 0.79 0.34
pH* 6.13

300 mM 0.160
pH* 6.61
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decay of Al, predominantly reflects the decrease in monomer
concentrations during the initial phase of fibril formation. The
different kinetic traces of Al; and Al, and the very similar ¢,
values obtained for the kinetics of Al; and Al; confirm the
notion that the spectra of initially formed GHG oligomers and
fibrils contain contributions in the same spectral region above
1650 cm ™. The larger half times of Al; and AL reflect the time
it takes for peptide fibrils to form and grow within the
evanescent field. The rather large f, value of the kinetics
probed by COO™,, indicates that this process occurs on a
slower time scale than the fibrillization process itself.
Apparently, while peptide fibrils are forming, the overall
amide I’ profile no longer changes, although its total integrated
intensity still increases.

We conducted another measurement of IR kinetics for the
175 mM sample at pH* 6.38. An analysis of the amide I’
region in the spectrum taken at the end of the measurement
revealed no substantial differences from the corresponding
spectrum of the sample at the lower pH* value. This suggests
that the amide I’ profile of the fibrillar state is independent of
pH*. A comparison of the fractional amide I' intensities
obtained for the plateau spectra of our kinetic experiments
with corresponding intensities observed with 300 mM GHG
reveal very similar corresponding values. This observation
suggests that the two 300 mM spectra measured at the two
highest pH* values very much represent the spectra of the
physically cross-linked fibril network with minimal interference
from monomers. The similarities between the 300 mM spectra
and the final spectra obtained at the end of our kinetic
experiments are not surprising in view of the above-discussed
accumulation of peptides in the sampling area of our ATR
experiment.

Gelation Kinetics Measured for Different Points in
the Gel Phase. Figure 9 shows the kinetics of gelation
measured at the indicated pH* for different peptide
concentrations using small amplitude oscillatory shear
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Figure 9. Gelation kinetics of GHG in water probing the time-
dependent storage and loss modulus at the indicated pH* and peptide
concentrations.
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(SAOS). The pH* values are very close to those used for
the abovementioned IR experiments. The plateau values of
G'nax and G”,, the corresponding tan & values, the half time
ti;, defined as t(G' = G’.,/2) and the estimated
concentrations of deprotonated peptides are all listed in
Table 2. The data reveal a significant dependence of both the
gelation rate and the final moduli on peptide concentration
and final pH*. Figure S7 visualizes the concentration
dependence of t;,,, G', and G”". The depicted data reveal a
rather complex picture. For a peptide concentration of 75 mM,
the half time decreases linearly over a [GHG]deprot interval of
only 20 mM. Concomitantly, the storage modulus increases
from a very moderate value of 300 Pa to a very large value of
1.28:10° Pa. In contrast, the half times observed with 175 and
300 mM samples are all shorter and decrease much less over a
much broader range of concentrations. The gelation kinetics of
the 300 mM samples are much faster at the lowest pH*
investigated than the corresponding kinetics of the 75 mM
sample, even though the corresponding [GHG]yepro Value is
much lower. The concentration dependencies of G’ and G” for
the 175 and 300 mM samples are also significantly less
pronounced than the ones for the 75 mM samples. In fact, the
175 and 300 mM data overlap nicely and seem to be consistent
with each other, while the lowest pH* 75 mM sample is clearly
distinct. One possible hypothesis is that low [GHG ] geproc leads
to the formation of few nuclei that grow to form very porous
networks, that is, low moduli. As pH* increases, [GHG] jeprot
increases, leading to more nuclei and a network with less
porosity and thus to a higher modulus.

The concentration dependence of G’ and G” suggest an
optimum concentration of deprotonated GHG close to 90 mM
where the storage modulus is in the 10° regime. As observed
for GAG in water ethanol, the two moduli do not increase
monotonically with peptide concentration as other peptides
generally do.””*® This observation is indicative of the
importance of crystal growth kinetics in the final modulus.
The crystal growth kinetics are expected to be a complicated
function of pH and total dissolved peptide concentration. For
example, too high of a peptide concentration (i.e.,
[GHG] depmt) will lead to fast fibril kinetics and possibly
favor bulk precipitation over fibril formation. A comparison of
the above mentioned fibrillization kinetics with the time scale
of gel formation reveals that the 300 mM kinetics is faster than
the 175 mM one in both cases (cf. the t, values in Table 1 with
the t,,, values in Table 2). The kinetics at 300 mM lead to a
lower modulus, which suggests that the network is more
porous. This argument is supported by the microscopy images
presented below. Unfortunately, the uncertainty of the effective
peptide concentration for the IR kinetics in Figure 8 precludes
a more quantitative comparison of fibrillization and gelation
kinetics.

Images of Gel Phases at Different Points of the Gel
Phase. Figure 10 shows microscopic images of gels formed
with peptide concentrations of 75, 175, and 300 mM at the
highest pH* value investigated (vide supra). For the 7S mM
sample, the image of the fibrils reveals an inhomogeneous gel
phase which stresses the notion that a low concentration of
deprotonated GHG leads to the formation of few nuclei and
denser crystalline morphologies that do not produce a full
sample spanning network. The situation is quite different for
175 mM GHG, where a homogeneous distribution of long
fibril haystacks forms a sample spanning network. The images
are fully consistent with the very high G’ values revealed by
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Figure 10. Microscopic images of gel samples with the following GHG concentrations and pH*: (a) 75 mM, pH* 7.0, (b) 175 mM, pH* 6.6, and

(c) 300 mM, pH* 6.2.

rheology and the higher fraction of fibrils inferred from the IR
spectra. The 300 mM sample image shows a more pronounced
orientation of haystacks and denser fibril bundles (as seen
around the periphery of the drop) compared to the 175 mM
sample image. The reduced overlap of bundles at 300 mM is
directly correlated to the lower modulus. Thus, the images
reveal a picture similar to what we observed for GAG in
water—ethanol mixtures, namely, the existence of an optimal
peptide concentration where the number of fibrils is
sufficiently large and homogeneously distributed to form a
dense sample spanning network." Below or above this
concentration, the network is less homogeneous, leading to
reduced gel strength. Recently, we explained a similar
observation for GAG in water—ethanol; this fast liquid-peptide
demixing due to fast network formation occurs at high peptide
concentrations, which leads to the formation of colloid-like
clusters of peptide fibrils and thus to the observed
inhomogeneity.2 In agreement with our reasoning, Draper
and Adams emphasized in a recent review article that gelators
might get trapped in what they called a kinetically driven
assembly because the rate of fibrillization and gelation exceeds
the rate of mixing.*

B CONCLUSIONS

The spectroscopic, rheological, and microscopical investigation
of the gel phase of GHG formed above pH* 5.5 reveals that
the formed gel cannot be described in conventional categories.
While the IR spectrum of the gel phase exhibits some
characteristics of f-sheet formation, substantial intensities in
the spectral region above 1650 cm ™' suggest that the secondary
structure of formed fibrils differs from canonical f-sheets. This
is coincidentally like the spectroscopic properties of GAG gels
formed in water—ethanol, which also depart significantly from
P-sheet characteristics. An analysis of the pH* dependence of
gel spectra at three different peptide concentrations reveals a
monotonic increase in fibril formation with an increasing
concentration of deprotonated GHG at high (300 mM)
peptide concentrations and a competition between fibril
formation and the self-assembly in unordered aggregates at
lower concentrations (75 and 175 mM). The critical
concentration of deprotonated GHG required for the onset
of the self-assembly process lies between 50 and 60 mM.
Rheology suggests an optimal concentration of deprotonated
GHG that induces an isotropic homogeneous gel phase with a
considerable modulus above 10° Pa. Overall, the rheological
data suggest that peptide concentration and pH* can be used
to tune the gel modulus over several orders of magnitude,
which is important for applications such as drug delivery. The
decrease in the half time of GHG gelation with increasing
concentration of deprotonated GHG is very pronounced at the

lowest peptide concentration investigated (i.e., 75 mM) and
more modest at 175 and 300 mM (cf. Figure S7). These
observations are consistent with the microscopic images in
Figure 10 which reveal rather different sizes and modes of fibril
organization for the 75 mM and the 175/300 mM samples,
respectively. For the former, the images reveal several short
unconnected haystack spots and a rather inhomogeneous
organization of rather long fibrils at high pH*.> At higher
concentrations, the haystacks are composed of long inter-
penetrating fibrils with significantly less porosity, even at the
lowest pH* investigated.

There are several important issues regarding GHG gels that
have not been addressed in this study. First of all, we do not
yet fully understand the internal structure of the fibrils. Our
currently in-progress analysis of wide-angle X-ray scattering
data is aimed at obtaining a crystal structure which we could
use to calculate amide I profiles which could be compared with
experimental ones reported in this paper. Obtaining the
internal structure of fibrils will allow us to decide whether self-
assembly is predominantly promoted by hydrogen bonding
between the imidazole nitrogens and peptide groups or by 7—x
stacking of imidazole rings. Second, we plan to investigate in
detail the thermal stability of the gel phase and its reversibility
after annealing. Third, we will explore the stability of the gel via
dilution and temperature effects. The outcome of it will
determine the usefulness of GHG gels in relevant biomedical
applications.
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