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ABSTRACT: Aggregation and amyloid fibril formation of peptides and proteins is a widespread phenomenon. It has serious im-
plications in a range of areas from biotechnological and pharmaceutical applications to medical disorders. The aim of this study was
to develop a better understanding of the mechanism of aggregation and amyloid fibrillation of an important pharmaceutical GLP-1.
GLP-1 is a 31-residue hormone peptide that plays an important role regulating blood glucose levels, analogues of which are used
for treatment of type 2 diabetes. Amyloid fibril formation of GLP-1 was monitored using thioflavin T fluorescence as a function of
peptide concentration between 7.5 — 8.2. Results from these studies establish that there is a highly unusual pH-induced switch in
GLP-1 aggregation kinetics. At pH 8.2, the kinetics are consistent with a nucleation-polymerization mechanism for fibril formation.
However, at pH 7.5, highly unusual kinetics are observed, where the lag time increases with increasing peptide concentration. We
attribute this result to the formation of off-pathway species together with an initial slow, unimolecular step where monomer con-
verts to a different monomeric form that forms on-pathway oligomers and ultimately fibrils. Estimation of the pK, values of all the
ionisable groups in GLP-1 suggest it is the protonation/deprotonation of the N-terminus that is responsible for the switch with pH.
In addition, a range of biophysical techniques were used to characterize 1) the start point of the aggregation reaction and 2) the
structure and stability of the fibrils formed. These results show that the off-pathway species form under conditions where GLP-1 is

most prone to

form oligomers.

INTRODUCTION

The aggregation of peptides and proteins into -sheet rich
amyloid fibrils is a common process increasingly associated
with problems in drug development and pharmaceutical appli-
cations, as well as many disease states.' Although significant
progress has been made over the past 15 years in elucidating
the structure” and morphology’ of amyloid fibrils and their
mechanism of formation®”, our current understanding of how
peptides and proteins aggregate into fibrils remains incom-
plete. It has been shown that amyloid fibrils are commonly
formed through a nucleation-polymerization (N-P) mechanism
with characteristic sigmoidal-like kinetics. There is an initial
lag phase, during which critical nucleating species are formed,
which is followed by a rapid growth phase, and then a plateau
as the system either reaches equilibrium or the monomer lev-
els are completely depleted.®”

Oligomers have often been observed to form during fibril
formation, albeit at sometimes very low concentrations’ .
However, many aspects of the relationship between oligomers
and the mechanism of fibril formation are not yet fully under-
stood.® Considerable progress has been made in understanding
some of the factors affecting the aggregation propensity of a
system which has been shown to depend upon sequence, mon-
omer conformation, nucleation rate, effective monomer con-
centration, pH, ionic strength, small molecules and external
factors such as temperature or agitation.>”"

In this work, we focus on the human glucagon-like peptide-
1, GLP-1 (7-37), which is a 31-residue hormone peptide."
GLP-1 plays an important role in our body regulating blood
glucose levels through regulation of glucose-dependent insulin
secretion, inhibition of glucagon secretion and gastric empty-
ing together with reduction of food intake."' It is an important
pharmaceutical molecule, analogues of which are used for the
treatment of type 2 diabetes.'"™"” It has previously been report-
ed that GLP-1 aggregates into amyloid fibrils under physiolog-
ical conditions' and at pH 5.8."

Here, we present the results of a detailed study of the pH
dependence of the aggregation kinetics of GLP-1. Aggregation
kinetics were monitored by thioflavin T (ThT) which increases
its fluorescence upon binding to B-sheet rich amyloid fibrils.’
Kinetic data from these experiments were analysed to obtain
the apparent growth rate, ¢, and lag time at different peptide
concentrations and pH values. We report an unusual pH-
induced switch in GLP-1 aggregation kinetics.

In order to understand the complex, pH-dependent aggrega-
tion kinetics obtained, a detailed characterization of freshly
prepared samples of GLP-1 was undertaken using a range of
biophysical techniques to obtain information on the size, struc-
ture, and oligomeric state of species present. This included
analytical ultracentrifugation (AUC), asymmetric flow field-
flow fractionation (AF4) with multi-angle light scattering de-
tector (MALS), dynamic light scattering (DLS), size-exclusion
chromatography (SEC), far-UV circular dichroism (far-UV
CD) and ANS-%)inding assays. In all cases, fibrils formed
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were confirmed using atomic force microscopy (AFM) and
transmission electron microscopy (TEM) providing infor-
mation on the structure, stability and morphology of the fibrils
and how this depends upon pH.

EXPERIMENTAL SECTION

Materials. The 31-residue GLP-1 (7-37)
(HAEGTFTSDVSSYLEGQAAKEFIAWLVKGRG) was pur-
chased from Bachem (98.5% pure), with a molecular weight
of 3.36 kDa and used without further purification. GLP-1
powder was dissolved in buffer (25 mM sodium phosphate at
pH 7.5 or 25 mM Tris-HCI at pH 8.0 or 8.5) to a final concen-
tration of 298 uM. The solution was filtered (0.22 um filter)
prior to use, and the concentration was determined spectro-
photometrically using a NanoDrop spectrophotometer (ND
2000, Thermo Scientific), and a theoretical extinction coeffi-
cient of 6990 M™' cm™ at 280 nm. All other chemicals were of
analytical grade.

Kinetics of aggregation: Thioflavin T binding assays. For
kinetic experiments, a stock solution of 298 uM GLP-1 in
buffer was prepared, as described above. Final concentrations
of GLP-1 were 25, 50, 75, 100 and 150 uM, and the samples
were incubated with 50 uM ThT and 0.01 % NaN; (added to
prevent bacterial growth). 50 uM ThT was chosen as the ag-
gregation kinetics were shown to be independent of ThT con-
centration between 10-80 uM ThT, Fig. S1. 120 uL of the
peptide/ThT samples were pipetted into a 96-well half-area
plate made of black polystyrene with a clear bottom and a
non-binding surface (Corning 3881, USA). A sealing tape
(Costar Thermowell) was used to protect samples from evapo-
ration. Fluorescence measurements were carried out on a
Fluorostar Optima Microplate Reader (BMG Labtech, Offen-
burg, Germany), which was thermostatted at 37 °C. ThT bind-
ing to fibrils was monitored by using an excitation filter at 440
nm and by recording the fluorescence emission at 480 nm.
Bottom reading of the plate every 30 min with 5 min of shak-
ing prior to each measurement was performed. Each cycle was
executed with the orbital shaker at 350 rpm, 5 flashes per well
and fluorescence measurements were made at a gain of 1000.

Each individual ThT datasets were fit to Equation 1,
y=yo+ A1 + exp(-k(t-1,,2))) + bt )

where y, is the starting fluorescence, A the amplitude of the
transition, ¢;, is the half-time, which is defined as the time at
which the ThT fluorescence has reached 50% of its final base-
line value, k is the apparent growth rate and b is the slope of
the final baseline. Note in many other studies, data are normal-
ized prior to fitting such that the inclusion of this additional
term is not needed. The lag time was calculated from the ki-
netic parameters obtained using Equation 2.">*:

tlag=t1/27 2/k (2)

All measurements were made in triplicate for each peptide
concentration in a single 96-well plate, and each experiment
was repeated at least three times on different days with freshly
prepared samples.

Analytical ultracentrifugation (AUC) sedimentation ve-
locity experiment. Sedimentation velocity measurements
were performed at 20 °C, 60,000 rpm using a Beckman Opti-
ma XL-I analysis ultracentrifuge equipped with an An-60Ti
rotor. The instrument was equipped with a UV-visible absorb-

ance detector. 150 uM GLP-1 was prepared in buffer and in-
cubated at room temperature for 2 hr before the start of the
experiment. 400 pL of the sample was loaded into the AUC
cell. The SEDFIT program was used to correct the sedimenta-
tion coefficient distributions to standard conditions and the
¢(s) method was implemented.

www.analyticalultracentrifugation.com/default.htm

Asymmetric flow field-flow fractionation with multi-
angle light scattering (AF4-MALS). AF4-MALS was used to
separate and estimate the size of species in a 1500 uM solution
of freshly prepared GLP-1 sample in buffer using an Eclipse®
(Wyatt Technology Europe GmbH, Dernbach, Germany). The
AF4 was controlled by a high-performance liquid chromatog-
raphy system (HPLC, Agilent) equipped with UV/Vis and
MALS detectors (Wyatt Technology Europe GmbH, Dern-
bach, Germany). A 1 kDa cut-off polyether sulfone (PES)
membrane was used in the Eclipse SC channel for optimal
separation of species (Pall, New York, USA). Buffer was used
as the mobile phase and, the system was equilibrated overnight
prior to the experiment. The channel flow was maintained at 1
mL min™ and the cross-flow was varied: 4.5 mL min™' from 0
to 2 min, 2.5 mL min”' from 2 to 5 min, and 4.5 mL min”' from
5 to 15 min, 4 mL min™ from 15 to 20 min then 1 mL min™
from 20 to 30 min. Detection was accomplished using UV
absorbance at 280 nm and multi-angle light scattering. Data
from MALS were analysed by ASTRA (Wyatt Technology
Europe GmbH, Dernbach, Germany). The detectors were cali-
brated using BSA standards (Thermo Scientific). The calibra-
tion was validated by separation of 25 pL of 2 mg mL" BSA
in an appropriate mobile phase.

Dynamic Light Scattering (DLS). The intensity-weighted
mean hydrodynamic diameter distribution and the number size
distribution of freshly prepared GLP-1 (1500 uM) and fibrillar
GLP-1 (1500 uM) in buffer at room temperature (20 - 25 °C)
were determined by DLS using a Zetasizer Nano ZS (Malvern
Instruments, Malvern, U.K.). A Zen 2112 cuvette and a scat-
tering angle of 173 ° were used. The average values of the
polydispersity index (PdI) were obtained from the cumulants
analysis of the intensity autocorrelation function that was per-
formed by the Zetasizer Software provided by the manufactur-
er. Reported parameters were determined from an average of
at least three measurements.

Atomic force microscopy (AFM). GLP-1, either from (i) a
freshly prepared solution, or (ii) mature fibrils, were spread
onto freshly cleaved mica (SPI supplies, West Chester, PA).
The samples were then incubated for 20 min, followed by
washing with 200 pL of deionised water and dried under a
stream of nitrogen. Images were acquired in air at room tem-
perature (20-25 °C) with a PicoPlus AFM instrument with a
PicoSPM 1I controller from Molecular Imaging (Agilent
Technologies, USA) in AC mode, equipped with a Miko-
Masch NSC26/No Al cantilever, between 65 and 130 Hz fre-
quency, force constant varying from 0.6 to 2.0 N m™ (Innova-
tive Solutions Bulgaria Ltd., Sofia, Bulgaria). The images
were analysed with the open source software Gwyddin
(http://,t_{wyddion.ne'[/).16

RESULTS AND DISCUSSION

Aggregation kinetics. The aggregation kinetics of amyloid
fibril formation were measured starting from freshly prepared
samples of GLP-1 at three different pHs using ThT fluores-
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cence. The aggregation was monitored over a range of peptide
concentrations from 25 to 150 puM. Typical results are shown
in Fig. 1. Kinetic parameters were determined by fitting the
data to Eq. 1 and a lag time was then calculated for each da-
taset using Eq. 2. Standard sigmoidal curves were obtained for
GLP-1 aggregation under all the conditions used, however, the
kinetic parameters obtained from the fitting varied with pH
and peptide concentration, Fig. 1. See SI2, Table S1 for further
details.

At higher pH (=8.2), the ¢, is found to decrease with in-
creasing peptide concentration characteristic of a process fol-
lowing a nucleation-polymerization mechanism for fibril for-
mation, Fig. 1F. Surprisingly at lower pH values there is either
very little dependence on peptide concentration or the ¢, in-
creases with increasing peptide concentration, Fig. 1D and B.
These results were very reproducible. The highly unusual
kinetics were observed for GLP-1 aggregation at pH 7.5 where
the #;, increases with increasing peptide concentration (the
opposite of what is expected for a N-P model) suggesting oth-
er processes come into play, Fig. 1B. These unusual results
have, to the best of our knowledge, been observed for just two
other systems: ribosomal protein S6 (where a model involving
an off-pathway oligomerization process was proposed)'’ and
immunoglobulin light chain (where an increase in concentra-
tion leads to a monotonic decrease in fibrillation propensity
with an increasing protein concentration which has been relat-
ed to dimer formation in the native state)."®

In order to assess the degree to which GLP-1 monomer is
converted into amyloid fibrils in the ThT assays, monomer
depletion experiments were also undertaken, SI3. Using UPLC
methods (ultra-pressure liquid chromatography), the loss in
signal corresponding to monomeric, or small soluble oligo-
mers of GLP-1 was monitored with time, Fig. S2. After 120
hr at pH 7.7 at 37 °C, a solution of 75 uM GLP-1 was almost
completely converted into high molecular weight species, Fig.
S3.

Characterization of freshly prepared samples of GLP-1
in buffer, at the starting point of the kinetic assays, at dif-
ferent pH values. A wide range of biophysical techniques
were used to fully characterize the structure and properties of
freshly prepared samples of GLP-1 at pH 7.5, 8.0 and 8.5.
The structure of species in solution was probed using far-UV
CD, the hydrophobic surface area using ANS-binding assays,
whilst the size of species in solution was investigated using
SEC, AF4, AUC, DLS, AFM and TEM, see following sections

Characterization of the structure and hydrophobicity of
freshly prepared GLP-1 samples. The far-UV CD spectra of
freshly prepared samples of GLP-1 show that there is no
change in the secondary structure with pH, Fig. S4. The aver-
age secondary structure is predicted to be approx. 30 % a-
helix, 20% B-strand, 20% turns and 30% disordered between
pH 7.5-8.5. ANS binding was also used to probe the exposed
hydrophobic surface area.'” ANS binding to freshly prepared
samples of GLP-1 at different pH values were assessed using
fluorescence measurements over a range of peptide concentra-
tions, see SIS Fig. S5. The data clearly indicate that GLP-1 is
more highly prone to form oligomers with exposed hydropho-
bic surface area at pH 7.5 relative to pH 8.0 or 8.5.

Characterization of the size distribution of species in
freshly prepared GLP-1 samples. The size distribution of
species in freshly prepared samples of GLP-1 was performed
using a range of biophysical techniques from pH 7.5 to 8.5.

Journal of the American Chemical Society

Although standard size-exclusion chromatography was useful
to give an initial assessment of the size of the major species in
solution for GLP-1 at different pH values (see SI6, Fig. S6),
this method was unable to detect small populations of larger
species. To do this, more sophisticated methods of analysis
were required. Using AF4, we were successfully able to de-
tect and separate monomeric GLP-1 from small oligomers
present in the samples at both pH 8.0 and 8.5 (Fig. 2C and E).
At pH 8.0 and 8.5, the distinct peaks observed likely corre-
spond to a monomer and trimer with molecular weights of, 3.3
and 9.1 kDa at pH 8.0, and 3.3 and 11 kDa at pH 8.5, respec-
tively. However, at pH 7.5, a single broad peak was observed
suggesting a high level of heterogeneity of species in solution
at this pH compared with the higher pHs, Fig. 2A. See SI7,
Fig. S7 for further detail.
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Figure 1. Aggregation kinetics of GLP-1 as a function of pep-
tide concentration at different pHs. GLP-1 aggregation kinetics
at pH 7.5 (A-B), pH 7.7 (C-D) and pH 8.2 (E-F). A, C, E show
typical traces for the fibrillation of GLP-1 followed by ThT fluo-
rescence at different GLP-1 concentrations. Each peptide concen-
tration was run in triplicate. D, E and F show the dependence of
the ¢,, on the concentration of GLP-1. The error bars shown in A,
C and E are the standard deviation from the mean for a single
experiment in which each peptide concentration was run in tripli-
cate. In B, D and F, the error bars correspond to the standard de-
viations of the kinetic parameters determined from three inde-
pendent experiments each of which was run in triplicate.

Analytical centrifugation measurements of sedimentation ve-
locities were also performed and, as with the AF4 data, similar
velocity profiles were obtained at pH 8.0 and 8.5, (Fig. 2D &
F). In these cases, the samples are mainly monomeric, howev-
er, small populations of both small and larger oligomers are
present, Fig. 2D & F, insert figures and Table 1. Interestingly,
the sedimentation velocity profile at pH 7.5 shows mainly
monomer, Fig. 2B, however, the sample is much more poly-
disperse in comparison to the results at higher pH values. At
pH 7.5, larger oligomers are not present, Table 1 and Fig. 2B.
Molecular masses corresponding to a trimer determined using
AUC were 12 kDa at pH 8.5 and 10 kDa at pH 8.0. At 7.5,
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oligomeric species ranged from 6.9 to 12.6 kDa corresponding
to a mix of dimer, trimer and tetramer, Fig. 2. See SI7, Fig. S7
for further detail.

Dynamic Light Scattering (DLS), a technique that is sensitive
to large particles in solution, was also used to probe whether
larger oligomeric species not detectable by AF4 or AUC, are
present in solution. The DLS results (Fig. 3) confirmed that
the main population has a small hydrodynamic radius that
likely corresponds to GLP-1 monomer and the small oligo-
mers detected by AF4 and AUC, Fig. 2. However, larger parti-
cles were also found to be present under all conditions, Fig. 3.
These were also observed in both AFM and TEM images (see
S19, Fig. S9).
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Figure 2. Size distribution of species in freshly prepared GLP-
1 samples at different pHs determined using AF4 and AUC.
(A-B) pH 7.5, (C-D) pH 8.0, and (E-F) pH 8.5. The left-hand
column shows the AF4 results (A, C, and E) along with the M,, of
monomers and small oligomers estimated using MALS (see Sec-
tion SI7, Fig. S7 for more detail). The right-hand column shows
the results of the AUC sedimentation velocity analysis of the
GLP-1 samples illustrating the size distribution of sedimenting
species obtained by c(s) analysis.

Table 1. Percentage of oligomeric species present in freshly
prepared GLP-1 samples.

Percentage of the species present, (%)
pH Small Larger
Monomer . .
Oligomers Oligomers

7.5 64 36 not ob-

served
8.0 77 21.5 1.5
8.5 90 9.7 0.3

For more information see Section SI10 Table S4.

Fibril structure and morphology. The structure of the fibrils
formed at the end of the ThT assays was investigated by far-
UV CD, Fig. S4C. Although the spectra recorded at the three
pH values are slightly different, they all show a broad minima
around 218 nm characteristic of amyloid fibrils, Fig. S4C.
AFM was also used to verify and characterise the fibrils
formed under different conditions, Fig. 4. In these cases, 150
uM GLP-1 samples at pH 7.5, 7.7, and 8.2 were allowed to
aggregate at 37 °C for 200 hr in the presence of 50 uM ThT
and 0.01% NaNj. Fibrils were then retrieved and imaged using
AFM, Fig. 4.

309 A 121
20 9
10 &
4 q
£ g Sy
£ 20 2 99
= Q 6
Z 104 I=
3_.
0 0
01 121 F
20+ 97
6_
10- o
0 0-
0.1 1 10 100 100010000 0.1 1 10 100 100010000
Size /nm Size / nm

Figure 3. Dynamic Light Scattering results of freshly pre-
pared GLP-1 at three different pHs. (A-B) pH 7.5, (C-D) pH
8.0, and (E-F) pH 8.5. The left-hand column shows the size distri-
bution by number (A, C and E) and the right-hand column shows
the size distribution by intensity (B, D and F). See Section SIS,
Fig S8 for more detail.

Fibrils formed at 37 °C, pH 7.7 and 8.2 are stable and typically
1 — 3 pm in length and 10 - 15 nm in height and have a twist
(Fig. 4 and SI11, Fig. S10). In contrast, the fibrils formed at
pH 7.5 are short, thin, sticky and considerably more heteroge-
neous, Fig. 4. In addition, at pH 7.5, fibrils are unstable and
dissociate after dilution (100 fold) either in water or buffer,
Fig. 4B (see SIl11, Fig. S10 for more detail). After dilution
spherical-like morphologies are observed with diameters rang-
ing from 0.1-0.4 pm and heights ranging between 10 — 60 nm,
Fig. 4B.

A model for GLP-1 aggregation under different conditions.
The concentration of peptide’”' and the presence of on-
pathway oligomers™, are both known to be important in the
formation of amyloid fibrils. Increasing peptide concentration
usually leads to an increase in the rate of fibrillation as ob-
served by a reduction in lag time®*’, a feature that is typical of
a nucleation-polymerization mechanism®. For GLP-1 at pH
values over 8.0 an inverse relationship between lag time and
peptide concentration is observed and, in this case, a simple
nucleation-polymerization mechanism can be proposed where
monomer (M) first associates into oligomers (O,,) that are on-
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pathway to fibril formation, Fig. 5. For GLP-1, under these
conditions, this is a slow nucleated process which leads to the
specific formation of stable fibrils, which are long, stable and
twisted, Fig. 4.

However, the simple nucleation-polymerization model does
not explain the unusual kinetic data obtained at pH 7.5. Under
these conditions, we propose a more complex model in which
there is competition between the formation of on-pathway

1pm >

Figure 4. Atomic force microscopy images of typical GLP-1
fibrils formed under different conditions. (A-B) pH 7.5, (C-D)
pH 8.0, and (E-F) pH 8.5. The left-hand column shows AFM im-
ages of samples of 150 uM GLP-1 aggregated for 200 hr at 37 °C.
The right-hand column shows AFM images of the fibrils diluted
100 times into deionized water prior to imaging (see Section SI11
Fig. S10 for more details).

oligomers leading to fibrils, and the formation of a different
form of oligomer, which has to be off-pathway, Fig. 5. Powers
and Powers have elegantly modeled such a mechanism math-
ematically”. They have shown that, under specific kinetic
conditions where a set of assumptions can be applied, that a
positive slope is obtained for a plot of t,, versus the concentra-
tion of monomer.”. They propose that this is an essential
piece of evidence consistent with their off-pathway model.”
This is what we observe for GLP-1 at pH 7.5, Fig. 1B.

We are not the first to observe such dependence experimental-
ly and propose a kinetic scheme in which off-pathway as well
as on-pathway oligomeric species form. This has also been
observed in the fibrillation of immunoglobulin light chain
LEN'® and S6 ribosomal protein”. In both these cases, the
polypeptide starts as a globular folded protein rather than a
relatively unstructured and dynamic short peptide such as
GLP-1. Here, we present strong evidence that off-pathway
oligomers are also populated during the fibrillation of GLP-1
at pH 7.5, highlighting this as a more general phenomenon and
putting the concept proposed some years ago on firm experi-
mental ground.

Kinetic modeling of on- and off-pathway oligomer models.
In order to verify that an off-pathway species would give rise

Journal of the American Chemical Society

to the difference in aggregation kinetics observed, three mod-
els for the fibrillation of GLP-1 were created within the pro-
gram KinTek (see SI12 for further details). In the first model
(Model 1), we used a simple model of nucleation-
polymerization and demonstrated that the kinetic parameter #,/,
decreases with increasing peptide concentration as expected,
Fig. S11A, C. We then added an off-pathway reaction where
monomer converts through monomer addition to create a se-
ries of off-pathway oligomers and added this to our starting
nucleation-polymerization model to generate Model 2. This
model also shows a decrease in ¢, with increasing peptide
concentration, Fig. S11B, D. However, addition of the off-
pathway oligomers to the reaction scheme in Model 1, resulted
in a delay in #;; as shown in Fig. S11E-F, which show the
amount of fibril formation (in terms of monomer concentra-
tion) with time at 25 and 150 pM monomer starting concentra-
tions. #,, increased on addition of the off-pathway species,
from 53 to 94 hr at 25 uM, and from 8.6 to 16 hr at 150 uM
monomer. These results confirm that the presence of off-
pathway species results in an increase in the length of time it
takes for sufficient nuclei to be formed, however, Model 2
does not fully explain the results obtained for GLP-1. A third
model, Model 3, was created which was essentially the same
as Model 2 except an additional unimolecular step was includ-
ed where monomers M interconvert with a different form of
monomer, M*, and only M* forms the on-pathway oligomers
required for fibril formation. In this case, the dependence of
the #,, on initial monomer concentration switches such that it
increases with increasing starting concentration, Fig. S11H, as
we observe experimentally for GLP-1 at pH 7.5.

Thus, our results on GLP-1 at pH 7.5 are consistent with the
presence of off-pathway oligomeric species, as well as, a uni-
molecular step on-pathway to fibril formation.

Studies on rat and human isoforms of the amyloidogenic pro-
tein IAPP, associated with diabetes in humans, have recently
established that various oligomeric species can be found under
conditions where human IAPP forms amyloid fibrils.** In this
case, a detailed analysis of the structure and properties of the
different oligomers revealed that only the globally flexible,
low-order oligomers, which did not bind ANS nor have exten-
sive B-sheet secondary structure, were toxic to cells.”* These
results raise the interesting question of whether the on- and
off-pathway oligomers that we have shown form at different
pH values for GLP-1 may also have different properties in-
cluding potentially different cell toxicity.

Origin of the pH-induced switch in mechanism for GLP-1
aggregation.

Net charge on the peptide in its monomeric state. It is well
established that the total charge on a peptide or protein can
play an important role in determining its propensity towards
aggregation.”® Normally, the closer the net charge is to zero
the higher propensity to aggregate, as there is little or no unfa-
vorable electrostatic interactions to overcome to form oligo-
meric species and nuclei.”

In order to better understand our results, we used PropKa in
the Schrodinger Suite to calculate the pK, values and therefore
the charge on each ionizable group in GLP-1 as a function of
pH, SI13. Two structures were used as starting points: 1DOR,
which is an ensemble of structures calculated from NMR ex-
periments performed in trifluoroethanol (TFE), Fig. SI2A &
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B, and 3I0L, the structure of GLP-1 bound to its receptor. In
both cases, GLP-1 is highly helical with more residues in-
volved in a-helix formation than our far-UV CD data in aque-
ous buffer suggest, Fig. S4. However, as no unbound structure
for GLP-1 in water is available, these structures were used.
Both structures gave very similar results, SI13, Figures S12 &
S13. The charge on each ionisable group and the overall net
charge on the peptide are shown in Fig. S12C and D, respec-
tively. The results show that there are two ionisable groups
that change ionization state between pH 7.5 and 8.5: the N-
terminus and the side chain of Hisl. The pK, of Hisl < 7
whilst that of the N-terminus is approx. 8. The pK, of the N-
terminus is affected by the fact that it can form hydrogen
bonds with backbone amide groups as observed in the ensem-
ble of structures generated from the NMR data, Fig. S12B. On
the basis of these results, we propose that the protonation state
of the N-terminus plays a critical role in the formation of off-
pathway oligomers. When positively charged, i.e., at pH val-
ues below its pK, of approx. 8, then off-pathway oligomers are
favoured over on-pathway oligomers. In contrast, at pH val-
ues above its pK,, when it is uncharged, on-pathway oligomers
are favoured. Thus, analogs of GLP-1 that are N-terminally
acetylated may well not show this unusual behavior.

Do the aggregation kinetics of GLP-1 follow the general rule
that aggregation propensity increases the lower the net charge
on the peptide?”>*® The pK, calculations suggest that GLP-1
has no overall net charge at approx. pH 5.5, Fig. S12D and
S13B. However, aggregation kinetics cannot be measured at
this pH due to solubility problems. The net charge is predicted
to increase between pH 7.5 and 8.5 due to the deprotonation of
the N-terminus (from an overall net charge of approx. -1/-2 to
-2/-3, Fig. S12D and S13B). Experimentally, we observe an
increase in the propensity of GLP-1 to form fibrils, counter to
what might be expected. However, one can argue that there is
an increase in the aggregation propensity of GLP-1 as its over-
all charge reduces, i.e., moving towards pH 5.5, but that it is
an increased tendency to form off-pathway oligomers not on-
pathway oligomers that would lead to amyloid fibril for-
mation. In this regard, it is important to define specifically the
aggregation state, as many such states — on- and off-pathway
oligomers, fibrils etc. may exist.

)y : 8
Monomer Assembly of oligomers Fibril
(relatively disordered), M on the pathway

“ to forming fibrils, Ogy

&% e Monomer

Assembly of oligomers
off the pathway to forming fibrils, Ogrr

Figure S. Proposed mechanism for GLP-1 fibril formation.
There are two pathways, one in which the monomer (M) associ-
ates to form on-pathway oligomers (Ogy) which can convert di-
rectly into fibrils. On the second pathway, monomers can form a
different oligomeric state (Ogpr) Which is not on the direct path-
way to fibril formation. The on- and off-pathway oligomers may
be able to interconvert, however, the energy barriers to intercon-
version are likely high and the kinetics slow.

Net charge on the peptide in the oligomers. The discussion
above relates to the net charge and pK, values of ionisable
groups in a highly helical, monomeric form of GLP-1. We
cannot rule out that it is not the net charge of the monomer
that is important, but the net charge and pK, values of ionisa-
ble groups in the different oligomeric species that play the
dominant role in the pH effects observed. Our results suggest
that differences in the size and structure of the on- and off-
pathway oligomers may lead to different responses to changes
in pH over the range studied. In particular, the stability or the
kinetics of formation/dissociation of the two oligomeric spe-
cies may have different pH dependencies.

CONCLUSIONS

In conclusion, we have presented unusual aggregation kinetic
data for GLP-1 at pH 7.5, where the lag time increases with
increasing peptide concentration. These results indicate the
likely existence of off-pathway oligomeric species which we
believe form rapidly relative to the on-pathway oligomers, and
which therefore act as a sink of monomers. These off-
pathway oligomers will slowly dissociate and can, therefore in
time, form on-pathway oligomers and ultimately fibrils. How-
ever, in addition there has to be an initial unimolecular con-
version of the monomer to a different monomeric species
which can form on-pathway oligomers and ultimately fibrils.
These monomers at pH 7.5, the fibrils formed by GLP-1 are
short and unstable. At slightly higher pH values, pH > 8.2, the
aggregation kinetics of GLP-1 revert back to the simple and
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frequently observed, nucleation-polymerization mechanism
where only on-pathway oligomers are formed to any extent.

Using a number of biophysical techniques, we were success-
fully able to detect a range of small oligomers present in GLP-
1 samples at all the pH values studied, establishing that mon-
omeric GLP-1 is in equilibrium with either a dimer and/or a
trimer, as well as and other slightly larger oligomeric species
even in freshly prepared samples of very pure peptide. The
results demonstrate that, at pH 7.5, GLP-1 has a higher pro-
pensity to form oligomeric species, consistent with our pro-
posed mechanism under these conditions where there is a rap-
id and non-specific aggregation of GLP-1 into oligomers
which are off-pathway.

It is also of interest to note that, under conditions where GLP-
1 is very prone to forming oligomers (pH 7.5), the fibrils it
forms under these conditions are short and relatively unstable.
In contrast, increasing the pH by as little as 0.5 has a dramatic
effect. Slightly higher pH values, where the monomeric form
is more stable and therefore small oligomers much less preva-
lent at the beginning of the reaction, favors the formation of
on-pathway oligomers and ultimately the formation of much
more stable fibrils which are long and twisted.
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