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ABSTRACT The physical stability of peptide-based drugs is of great interest to the pharmaceutical industry. Glucagon-like
peptide 1 (GLP-1) is a 31-amino acid peptide hormone, the analogs of which are frequently used in the treatment of type 2 dia-
betes. We investigated the physical stability of GLP-1 and its C-terminal amide derivative, GLP-1-Am, both of which aggregate
into amyloid fibrils. While off-pathway oligomers have been proposed to explain the unusual aggregation kinetics observed pre-
viously for GLP-1 under specific conditions, these oligomers have not been studied in any detail. Such states are important as
they may represent potential sources of cytotoxicity and immunogenicity. Here, we identified and isolated stable, low-molecular-
weight oligomers of GLP-1 and GLP-1-Am, using size-exclusion chromatography. Under the conditions studied, isolated oligo-
mers were shown to be resistant to fibrillation or dissociation. These oligomers contain between two and five polypeptide chains
and they have a highly disordered structure as indicated by a variety of spectroscopic techniques. They are highly stable with
respect to time, temperature, or agitation despite their noncovalent character, which was established using liquid chromatog-
raphy-mass spectrometry and sodium dodecyl sulfate-polyacrylamide gel electrophoresis. These results provide evidence of
stable, low-molecular-weight oligomers that are formed by an off-pathway mechanism which competes with amyloid fibril
formation.
SIGNIFICANCE Protein or peptide aggregation into amyloid fibrils is a widespread phenomenon that plays a critical role
not only in many neurodegenerative diseases but also in the stability of protein- and peptide-based biopharmaceuticals.
The aggregation proceeds via multiple oligomeric states, which may be either directly on-pathway to amyloid formation or
they may represent off-pathway aggregates incapable of direct conversion into fibrils. Here, we report the formation of
stable, noncovalent low-molecular-weight oligomers during the aggregation of the therapeutic peptide glucagon-like
peptide 1. The formation of these oligomers competes with the fibrillation process and the oligomers are shown to be
structurally distinct from peptide monomers or fibrils. Our findings provide a greater insight into the processes that are off-
pathway to protein and peptide amyloid formation.
INTRODUCTION

Glucagon-like peptide 1 (GLP-1) is a 31-residue peptide
hormone responsible for regulation of blood glucose levels
and other physiological functions (1,2). GLP-1 is of a great
interest to the pharmaceutical industry as a therapeutic agent
for the treatment of type 2 diabetes. Several GLP-1 analogs
are already commercially available (3,4). However, previous
studies have reported the self-association of GLP-1 into
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amyloid fibrils over a wide range of conditions (5–7), which
hinders its pharmaceutical use.

The formation of amyloid fibrils is a multistep process:
first, the monomeric peptide or protein self-associates into
oligomeric structures; these can then form a critical nucleus
which can further elongate, usually rapidly, to form amyloid
fibrils. Classical fibrillation of peptides exhibits sigmoidal
kinetics with three distinct phases—a lag phase (during
which primary nucleation takes place), a growth phase
(which consists primarily of elongation and secondary
nucleation processes), and a final plateau phase (when
monomer is depleted or equilibrium is reached) (8–11).
Monomeric species dominate in the lag phase and fibrils
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in the plateau phase, while during the growth phase their
concentrations vary (11). In this classical description of a
nucleation-propagation mechanism, both the half-life and
the lag time decrease with increasing peptide or protein con-
centration (12,13).

Oligomeric species occurring in the fibrillation process are
of a crucial importance not only from a mechanistic point of
view but also because they are nowadays believed to be the
main species responsible for the toxicity and pathology of pro-
tein misfolding-related diseases such as Alzheimer’s, Hun-
tington’s, and Parkinson’s diseases (12,14–17). The size,
shape, and morphology of oligomers are very diverse, as are
their half-lives and stabilities (15,16,18–20). Nowadays, the
terminology that is widely used to describe oligomers is based
on the kinetic role of the oligomers in the fibrillation process.
Using this terminology, oligomers are referred to as on-
pathway if they are capable of direct transformation into
amyloid fibrils, or off-pathway if they are produced by a
side reaction that does not lead directly to amyloid fibril for-
mation (21,22). Nevertheless, this definition is rather narrow
and may not always precisely reflect the very diverse nature
of these species (19). Oligomeric species populated during
the aggregation of peptides and proteins are usually of a tran-
sient nature, which complicates their detection and
structural characterization (11,12,23). However, examples of
more stable oligomeric species have also been reported
(14,18,23–27). A long-lived oligomer resistant to fibrillation
has been reported in amyloid-b peptide aggregation (28). Am-
yloid-b peptide has also been shown to irreversibly assemble
into dimers and tetramers (29). Highly stable unstructured
oligomers have been observed with a-synuclein, amyloid-b
peptide, and islet amyloid polypeptide after inhibiting the
fibrillation by the additionof smallmolecules (30,31).A stable
helical dimer has been identified inNMRstudies ofGLP-1 in a
mixture of H2O and trifluoroethanol (32).

The intrinsic physical instability of GLP-1 remains a
challenge in drug processing and formulation. This peptide
hormone is also one of the few aggregation-prone peptides/
proteins that exhibit unusual fibrillation kinetics where,
under specific conditions, the lag time increases with
increasing peptide concentration (7). This behavior has
been also reported for human calcitonin (33), ribosomal pro-
tein S6 (34), immunoglobulin light chain (35), and liraglu-
tide (36). The unusual dependence of lag time on the
peptide concentration has been attributed to various off-
pathway, self-assembly processes that affect the rates of
fibrillation. Despite the increasing evidence for off-pathway
oligomers, there is still a need to elucidate their structural
properties, stabilities, and the mechanisms by which such
off-pathway species form and affect the fibrillation kinetics.

In this study, a variety of spectroscopic methods were used
to probe and monitor aggregation, as well as characterize the
oligomeric species observed, including thioflavin T (ThT) as-
says. ThT is known for its capability of binding to the cross-b
sheet structure of amyloid fibrils resulting in an increase in its
2476 Biophysical Journal 122, 2475–2488, June 20, 2023
fluorescence at around 480 nm, and has been widely used in
fibrillation assays (37). Using size-exclusion chromatography
(SEC), we report the observation of stable, low-molecular-
weight oligomers of GLP-1 and its C-terminally amidated
analog, GLP-1-Am. These oligomers are shown to be highly
stable with respect to a number of different stresses and are
likely to be off-pathway in the fibrillation process. As shown
by multiple spectroscopic methods, these off-pathway oligo-
mers have a highly disordered structure. Since the formation
of low-molecular-weight oligomers was observed for both
GLP-1 and GLP-1-Am, the C-terminally amidated analog
was included in the study to solidify the results shown. More-
over, C-terminal amidated variants of GLP-1 and their deriv-
atives are also produced and tested in the pharmaceutical
industry and therefore are of direct relevance. However, the
presented study is not a direct comparison of the behavior of
GLP-1 versus GLP-1-Am, but a characterization of the low-
molecular-weight oligomers that contribute to the unusual ag-
gregation kinetics observed for both variants.
MATERIALS AND METHODS

GLP-1 and GLP-1-Am

GLP-1(7–37), H-HAEGTFTSDVSSYLEGQAAKEFIAWLVKGRG-OH,

with a molecular weight of 3355 Da, was purchased from GenScript (Gen-

script, USA) in the form of an acetate salt with 98.1% purity. The residual

content of the TFA salt was 0.94% as determined by GenScript. The peptide

was produced by GenScript using solid-phase peptide synthesis and purified

using HPLC.

GLP-1-Am(7–37), H-HAEGTFTSDVSSYLEGQAAKEFIAWLVKGRG-

NH2, has a molecular weight of 3355 Da. Two different batches were used

in the experiments. Both batches were produced by solid-phase peptide syn-

thesis and purified using HPLC. Batch 1 was purchased from Bachem

(Switzerland) in the form of an acetate salt with 96.7% purity. The residual

content of the trifluoroacetic acid TFA counterion was not specified. Batch

2 was purchased from GenScript in the form of an acetate salt with 99.2%

purity. The residual content of the TFA salt was 0.02% as determined by

GenScript.

bAsp_GLP-1-Am(7–37), H-HAEGTFTS{Beta-Asp}VSSYLEGQAAK

EFIAWLVKGRG-NH2, with a molecular weight of 3355 Da, was pur-

chased from GenScript in the form of an acetate salt with 92.5% purity.

The peptide was produced by GenScript using solid-phase peptide synthesis

and purified using HPLC.

Peptides obtained from GenScript and Bachem were used without further

purification.
GLP-1 and GLP-1-Am sample preparation and
aggregation

Peptide powder was dissolved in the appropriate buffer. After peptide disso-

lution, the sample was filtered through a 0.22-mm filter (PES membranes,

Millex, Germany). The concentration of the peptide was determined spec-

trophotometrically on a Cary 60 UV-vis spectrophotometer (Agilent Tech-

nologies, USA) using the Beer-Lambert law and a theoretical extinction

coefficient of 6990 M�1 cm�1 at 280 nm. Samples were incubated in 1.5-

mL plastic microcentrifuge tubes (STARLAB, Germany), sealed, and wrap-

ped in aluminum foil to protect from sunlight. Incubation/aggregation was

performed in an incubator shaker (Innova 43, Eppendorf Innova, Germany)

at 37�C with 180 rpm agitation.
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Kinetics of aggregation—ThT binding assays

Fluorescencekineticmeasurementswere carried out using aFLUOstarOmega

microplate reader (BMGLabtech, Germany). Peptide samples at a given con-

centrationwere incubated at 37�Cwith 50mMThT. Peptide samples with ThT

were pipetted into a 96-well half-area plate (Corning 3881, USA) and sealed

with tape (Costar Thermowell) to prevent samples from evaporation. The total

volume of each sample in a well was 100 mL. Bottom reading of the plate was

performed every 30 min with 5 min of shaking before each reading (orbital

shaker mode at 600 rpm). ThT binding to fibrils was monitored by recording

the fluorescence emission at 482 nm using an excitation filter at 448 nm. Fluo-

rescence was measured at a gain of 500 with 8 flashes per well.
Size-exclusion chromatography

Analytical size-exclusion chromatography (SEC)was performed on an ÄKTA

FPLC system (GE Healthcare, USA), using a Superose 12 10/300 or a Super-

dex 75 10/300 column (bothGEHealthcare). Samples were loaded using 100-

or 200-mL loops. Before loading, the samples were filtered through a 0.22 mm

filter. All sampleswere eluted at a flow rate of 0.75mLmin�1 at room temper-

ature and UVabsorbance detection at 280 nm through a 0.5-cm flow cell was

used.Globular protein standards (Tables S2–S4)were used for column calibra-

tionunder the sameelution conditions as the experiments for theGLP-1-Amor

GLP-1 oligomers—25 mM sodium phosphate buffer (pH 8) and 10 mM so-

diumphosphate buffer (pH7), respectively. The elutionvolumeof eachprotein

standard was plotted against the logarithm of its molecular weight. A linear

regression of this plot was used to determine the molecular weight of the

observedGLP-1 andGLP-1-Amoligomers.A peak integrationwasperformed

in the Unicorn software of the ÄKTA instrument.
Sedimentation velocity

Sedimentationvelocity experimentswere performedusing aBeckmanOptima

XL-I Analytical Ultracentrifuge (Beckman Coulter, USA) equipped with an

An-60 Ti rotor. Samples of 85 mM peptide concentration were either freshly

prepared before the measurement or incubated for 7 days at 37�C with

180 rpmagitation.After 2-h temperature equilibration of samples in the centri-

fuge to20�C, the experimentwasperformedwith centrifugation at 50,000 rpm.

The interference sedimentation curves were collected as 300 scans (approxi-

mately 24 h run time) and fitted to a continuous c(s) distribution model imple-

mented in the Sedfit program. The sedimentation coefficient was corrected for

the standard state of water at 20�C (s20,w). The molecular weight and relative

content of detected species was calculated using the Sedfit program.
Transmission electron microscopy

GLP-1-Am (43 mM) in 25 mM sodium phosphate buffer was imaged after

6 days of incubation at 37�C with agitation. This sample was diluted fivefold

directly before imaging, then 2 mL of the sample was deposited onto a freshly

glow discharged copper grid 300mesh with a carbon coating (Agar Scientific,

United Kingdom), which was glow discharged using a Quorum Technologies

(UnitedKingdom)GloQube systembefore the sample application.After 1min

the excess of the sample was removed from the copper grid using filter paper,

then the sample was negatively stained with 2 mL of 2% (w/w) uranyl acetate

solution for 15–30 s and the excess of the stain was again removed using filter

paper. Samples were imaged using a Thermo Scientific (USA) Talos F200X

G2 transmission electron microscope with an acceleration voltage of 200 kV.
Circular dichroism spectroscopy

Circular dichroism spectra were measured on a Chirascan CD spectrometer

(Applied Photophysics, United Kingdom). Far-UV circular dichroism (CD)

spectra over the range 180–250 nm were measured in a 1-mm pathlength
cuvette and the measurement was performed with a 1-nm step size and

with a 1-nm spectral bandwidth. Near-UV CD spectra over the range

250–350 nm were measured with 0.5-nm step size and 1-nm spectral band-

width and in a 2-mm pathlength cuvette. The final spectrum was obtained as

an average of three identical scans and the spectrum of the pure buffer was

subtracted. All measurements were performed at room temperature. CD in-

tensity is presented in millidegree units due to difficulties in the precise

determination of the concentration of fibrils and oligomers, which was

approximately 10 mM for oligomers and 50 mM for fibrils. The concentra-

tion of monomeric GLP-1 and GLP-1-Am was 85 mM.
Infrared absorption spectroscopy and vibrational
circular dichroism

Infrared (IR) and vibrational circular dichroism (VCD) spectra were

measured on a ChiralIR instrument (BioTools, USA) using BaF2 windows,

50 mm optical pathlength, 8 cm�1 resolution, and 10 blocks of 2048 scans.

Samples of aggregated GLP-1-Am were measured at a concentration of

4 mg mL�1 (1.2 mM) in deuterated 25 mM phosphate buffer at pD 3 or 8.

Allmeasurementswere performed at room temperature and deuterated phos-

phate buffer spectra (of corresponding pD) were subtracted as a baseline.

Both IR and VCD spectra were normalized to equal the amide I absorption.
Intrinsic tryptophan fluorescence

Intrinsic tryptophan fluorescence spectra were measured on a Cary Eclipse

Fluorescence Spectrophotometer (Agilent Technologies, USA). Spectra

were obtained using an excitation wavelength of 280 nm and emission

spectra were recorded between 300 and 400 nm with a step of 1 nm. Emis-

sion and excitation band passes of 10 nm, and a voltage on the photomulti-

plier tube of 550 V, were used. Samples were measured in a 120-mL quartz

cuvette (Hellma Analytics, Germany).
Denaturing protein gel electrophoresis —
SDS-PAGE

The noncovalent character of GLP-1-Am oligomers was assessed by so-

dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

using a precast 4–12% Bis-Tris gel (Life Technologies, Invitrogen, USA)

run in NuPAGE MES SDS running buffer (Life Technologies) for 35 min

at a constant voltage of 200 V. Peptide samples were prepared in

NuPAGE LDS sample buffer (Life Technologies), heated for 5 min to

95�C, and immediately loaded onto the gel. Protein and peptide standards,

Mark 12 Unstained Standard and PageRuler Unstained Protein Ladder

(both Thermo Fisher Scientific, USA), were run in parallel for size refer-

ence. Gels were stained with InstantBlue (Expedeon, United Kingdom).
Liquid chromatography-mass spectrometry

Liquid chromatography-mass spectrometry (LC-MS) analysis was per-

formed on Waters’ Xevo G2-S bench top QTOF (Waters Corporation,

USA) using electrospray ionization in the positive mode. The peptide sam-

ples at around 10 mM concentration in 25 mM Tris buffer (pH 8.5) were run

according to the LC method indicated in Table S7 with total ion detection.
RESULTS

GLP-1 and its C-terminally amidated analog both
form amyloid-like fibrils at near neutral pH

As was shown in previous studies, GLP-1 forms amyloid fi-
brils over a wide range of conditions and the fibrillation rate
Biophysical Journal 122, 2475–2488, June 20, 2023 2477
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depends on pH (5–7). Here, the fibrillation propensity of
GLP-1 and its C-terminally amidated variant, GLP-1-Am,
was studied close to physiological pH values. Using ThT as-
says, the fibrillation of GLP-1-Am was monitored at pH 7
and 8 (Fig. 1 A). The fibrillation under these conditions
was slow with lag times ofR50 h and did not reach comple-
tion even after 6 days of incubation at 37�C with agitation.
The change in fluorescence intensity (i.e., the slope of the
ThT curve after the lag phase) may indicate a lower apparent
growth rate at pH 7 compared with pH 8. However, the dif-
ferences in the fluorescence intensity can also be caused by
differences in fibril morphology or electrostatic interactions
between the ThT dye and the fibril surface (37). Therefore,
in this case, it is not possible to relate the ThT intensity
directly to the mass of fibrils and therefore the actual growth
rate of the fibrils formed without also using a complemen-
tary technique, e.g., liquid chromatography, that can
measure the concentration of remaining monomer and olig-
omeric species in solution. The rate of fibrillation of GLP-1-
Am at pH 8 (Fig. 1 B) did not show the classical dependence
on peptide concentration observed for systems that follow
a simple nucleation-propagation mechanism. At the end of
the ThT assays, the GLP-1-Am samples at pH 7 and 8
were imaged by transmission electron microscopy (TEM)
(Fig. 1, C and D). The presence of amyloid fibrils was
observed in both samples; however, the fibrils did not
form a dense network but rather isolated clusters (Fig. 1,
C and D). The aggregation of GLP-1 at pH 7.5, 7.7, and
8.2 has been reported previously (7), but here the aggrega-
tion was also measured at pH 7 and 8 in 10 mM phosphate
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by ThT assay at 37�C over 6 days and no increase of ThT
fluorescence was detected (Fig. S1).
GLP-1 and GLP-1-Am form stable, low-molecular-
weight oligomers

The aggregation of GLP-1 and GLP-1-Am was also studied
using SEC. GLP-1 and GLP-1-Am samples at concentra-
tions of 43, 85, or 150 mM were incubated in an aqueous
buffer at pH 7.0 or 8.0 at 37�C with agitation. At various
time points, aliquots were taken from the aggregating reac-
tion, filtered using a 0.22-mm pore size membrane filter and
applied to a Superose 12 10/300 or a Superdex 75 10/300
size-exclusion column to determine the distribution of
monomer and oligomers at each time point. The filtration
step removed any amyloid fibrils formed, leaving only sol-
uble monomer and oligomers in solution. For both GLP-1
and GLP-1-Am, oligomers with a larger hydrodynamic
radius than the monomer were observed to form slowly
during the incubation period and did not deplete even
when there was substantial aggregation into amyloid fibrils
(Fig. 2). For both peptides, the formation of the oligo-
meric species was accompanied by monomer depletion.
However, it should be noted that, under some conditions,
monomer depletion is also caused by fibrillation of the
peptide and not just oligomer formation. The intensity of
the peaks corresponding to oligomers increased during the
incubation period and did not decrease even at time points
where significant amyloid fibril formation had occurred,
suggesting that these oligomers are not capable of further
FIGURE 1 Fibrillation of GLP-1-Am at pH 7 and 8.

The fibrillation of GLP-1-Am was monitored using a

ThT assay (A and B). All conditions were performed

in triplicate. (A) GLP-1-Am at 85 mM concentration

was incubated at pH 7 (25 mM sodium phosphate,

shown in blue), and pH 8 (25 mM sodium phosphate,

shown in red), at 37�C with agitation over 6 days. (B)

Fibrillation of GLP-1-Am in 25 mM phosphate at pH 8

at different peptide concentrations ranging from 45 to

130 mMwas monitored over 6 days at 37�C. (C and D)

Transmission electron microscopy images of GLP-1-

Am fibrils at pH 7 and 8. GLP-1-Am samples at 85

mM concentration were imaged at the end point of

the ThT assay (after a 6-day incubation at 37�C with

agitation) in 25 mM phosphate at pH 7 (C) or

25 mM phosphate at pH 8 (D), scale bar 500 nm. To

see this figure in color, go online.



FIGURE 2 Formation of low-molecular-weight oligomers of GLP-1 and GLP-1-Am observed using size-exclusion chromatography (SEC). (A) SEC of a

sample of 85 mMGLP-1 incubated in 10 mM sodium phosphate buffer at pH 7 at 37�C with 180 rpm agitation over 10 days. (B) SEC of a sample of 150 mM

GLP-1 in 10 mM Tris buffer at pH 8 at time zero and after a 5-day incubation at 37�C with 180 rpm agitation. (C) SEC of a sample of 85 mM GLP-1-Am

incubated in 25 mM sodium phosphate buffer at pH 8 at 37�C with 180 rpm agitation over 16 days. (D) SEC of a sample of 43 mM GLP-1-Am in 25 mM

sodium phosphate buffer, pH 7, at time zero and after a 72-h incubation at 37�C with 180 rpm agitation. The samples were analyzed at different time points

using Superose 12 10/300 (in A, C, and D) or Superdex 75 10/300 (in B) size-exclusion columns, where the elution buffer was the same as the incubation

buffer for each sample. The difference in elution volumes of monomeric GLP-1 and GLP-1-Am is most likely due to their slightly different conformations

and differences at the ionic strength and pH of elution buffers used in the experiments. To see this figure in color, go online.

Low-molecular-weight oligomers of GLP-1
aggregation/fibrillation or dissociation back into the mono-
meric state. After 10 days of incubation with shaking at
37�C for GLP-1 at pH 7 (Fig. 2 A) and 16 days of incubation
and shaking at 37�C for GLP-1-Am at pH 8 (Fig. 2 C), the
low-molecular-weight oligomers represented around 40%
of the initial sample concentration, Table S1. A more
detailed quantitative analysis of the relative amounts of olig-
omers formed during the incubation is given in Table S1 and
Fig. S2.

The formation of these low-molecular-weight oligomers
of GLP-1 and GLP-1-Am was shown to be reproducible
in multiple buffers in the pH range 7–8.5, including sodium
phosphate, Tris, or ammonium bicarbonate buffer (Figs. S3
and S4). Oligomerization of GLP-1-Am was reproducible
for peptide batches supplied by different manufacturers
(Fig. S5). For GLP-1, only one batch was used. Both
GLP-1 and GLP-1-Am also show a higher tendency to
form these oligomers in lower ionic strength buffers, i.e.,
10 mM sodium phosphate buffer, or 10 and 25 mM Tris
buffer, than at the buffers with higher ionic strengths
(>100 mM) (Figs. S3 and S4).

The size of the observed oligomeric species was esti-
mated using calibration curves of the two SEC columns,
Superose 12 10/300 and Superdex 75 10/300 (see Figs.
S6–S8). Based on the calibration curves, the size of the olig-
omers for GLP-1-Am was determined to be in the range
from 6.7 to 13 kDa, approximately dimers to tetramers.
For GLP-1, the size of oligomers was estimated to be in
the range of trimers to pentamers.

In addition, the changes in oligomer distribution of
GLP-1 and GLP-1-Am over time were studied using veloc-
ity sedimentation experiments (Beckman Optima XL-I
Analytical Ultracentrifuge). Samples of 85 mM GLP-1 and
GLP-1-Amwere either freshly prepared before the measure-
ment or incubated for 7 days at 37�Cwith 180 rpm agitation.
The experiment was performed with centrifugation at
50,000 rpm and sedimentation curves were collected over
approximately 24 h for each sample. The data were fitted
to a continuous c(s) distribution model in a Sedfit program
(38). In addition to a peak corresponding to the nonsedi-
mented monomer with a sedimentation coefficient close to
0, both peptides formed low-molecular-weight oligomers,
with a high content of dimer (over 40% in fresh samples)
and lower amounts of larger oligomers (from 4-mer to
13-mer) (Fig. 3). The mass and relative content of the de-
tected oligomeric species for both fresh and aged samples
as determined by the Sedfit program are given in
Table S5. In contrast to the SEC, during the sedimentation
velocity experiment, the samples do not undergo dilution
and do not interact with any column matrix. Therefore, olig-
omeric species that do not have sufficient stability to be de-
tected by SEC (mainly oligomers formed in freshly prepared
Biophysical Journal 122, 2475–2488, June 20, 2023 2479



FIGURE 3 Formation of low-molecular-weight oligomers of GLP-1 and

GLP-1-Am observed by sedimentation velocity. GLP-1 (A) and GLP-1-Am

(B) at 85 mM were prepared in 25 mM phosphate at pH 8 before the exper-

iment or incubated at 37�C with 180 rpm agitation for 7 days. After a 2-h

temperature equilibration to 20�C, the experiment was performed with

centrifugation at 50,000 rpm using Beckman Optima XL-I Analytical

Ultracentrifuge. The interference sedimentation curves were collected as

300 scans (approximately 24 h run) and fitted to a continuous c(s) distribu-

tion model implemented in the Sedfit program. The sedimentation coeffi-

cient was corrected for the standard state of water at 20�C (s20,w). The

size of oligomeric species was calculated using the Sedfit program. To

see this figure in color, go online.
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samples) can be detected in sedimentation velocity experi-
ments. Changes in oligomer distribution over time were
apparent for both GLP-1 (Fig. 3 A) and GLP-1-Am
(Fig. 3 B). GLP-1 showed changes in the ratio of monomeric
and oligomeric peaks and GLP-1-Am formed new oligo-
meric species over time. Discrepancies in the amounts of
oligomers detected by SEC (Table S1) and sedimentation
velocity (Table S5) are likely to be due to the fact that
less-stable, transient oligomers can be detected in sedimen-
tation velocity experiments but not SEC; e.g., two types of
dimers may be present in the sample—a less-stable, tran-
sient dimer, which is detected only by sedimentation veloc-
ity, and a stable dimer, which can be detected in both
sedimentation velocity and SEC experiments. It should
also be noted that the two techniques are performed over
different timescales—the SEC (approximately 30 min)
2480 Biophysical Journal 122, 2475–2488, June 20, 2023
and sedimentation velocity (approximately 24 h)—and this
may also contribute to the differences observed.
Structural characterization of the low-molecular-
weight oligomers

GLP-1-Am samples were characterized before and during
incubation at pH 8 at 37�C with continuous agitation using
a number of biophysical techniques (Fig. 4). Spectra of non-
aggregated (i.e., largely monomeric) peptides were recorded
immediately after dissolving the lyophilized peptide pow-
der. Low-molecular-weight oligomers were either separated
using SEC or obtained after filtering out the fibrils from the
aggregated sample using a 0.22-mm membrane, and their
spectra were recorded. Finally, a fibrillar sample was ob-
tained by centrifugation, and the resultant pellet was resus-
pended in buffer and its spectra then acquired.

For monomeric GLP-1-Am, the far-UV CD spectrum
showed a contribution from a-helical and b structure as
well as disordered regions (Fig. 4 A). After a 9-day incuba-
tion, significant changes appeared in the spectrum caused
by the formation of low-molecular-weight oligomers and
amyloid fibrils (Fig. 4 A). The far-UV CD spectra of iso-
lated oligomeric and fibrillar species (Fig. 4 A, bottom)
formed by GLP-1-Am showed a prevalence of disordered
regions for the low-molecular-weight oligomers and a
high percentage of b sheet content for the amyloid fibrils
(Table S6).

Fourier-transform IR absorption (FT-IR) and VCD
spectroscopy were also used to characterize the GLP-1-
Am sample after aggregation. IR spectra of peptides and
proteins are dominated by the amide I signal (mainly
carbonyl C¼O stretch) and they are routinely used for sec-
ondary-structure determination. In VCD, which is defined
as the difference in the absorbance of left- and right-circu-
larly polarized IR radiation, the stereoselectivity of CD
complements the structural specificity of IR. Moreover,
VCD is nowadays increasingly employed in aggregation
studies due to the signal enhancement and splitting often
observed with amyloid fibrils. It mainly occurs in the
amide I region and the enhancement is induced by a high-
ly regular cross-b sheet structure (39–43). VCD can,
therefore, be used for monitoring the fibrillation process
and structural characterization. Based on the sign pattern
of the enhanced spectra, the different morphologies of fi-
brils or the overall organization of the macro-assembly
can be distinguished (44–48). In this study, both FT-IR
and VCD spectra were simultaneously recorded for the
sample in a deuterated buffer of a corresponding pD.
Fig. 4 B shows the spectra of samples of GLP-1-Am
aggregated/fibrillated under basic conditions after 8 days
of incubation in 25 mM deuterated sodium phosphate
buffer at pD 8. FT-IR and VCD spectra of the sample
incubated under acidic conditions in 25 mM phosphate
at pD 3, where fibrils are formed much faster, are shown



FIGURE 4 Structural characterization of the isolated low-molecular-weight oligomers and fibrils of GLP-1-Am. (A) Far-UV CD spectra of different spe-

cies present in the aggregating mixture of 85 mMGLP-1-Am in 25 mM sodium phosphate buffer at pH 8. The top left panel shows the spectrum of the largely

monomeric solution recorded directly after preparation of a fresh sample of GLP-1-Am from lyophilized powder. The top right spectrum was recorded after

9 days of incubation at 37�C with agitation. The spectrum of low-molecular-weight oligomers (bottom left) was recorded after their separation from the

aggregating mixture using SEC and the spectrum of fibrils (bottom right) was recorded after their separation from the mixture using centrifugation. (B)

FT-IR and VCD spectra of aggregated GLP-1-Am at pD 8. The sample of 1.2 mM GLP-1-Am in 25 mM deuterated sodium phosphate buffer at pD 8

was incubated for 8 days at 37�C with 180 rpm agitation. (C) Near-UV CD spectra of the species present in the aggregating mixture of GLP-1-Am

(85 mM) after a 9-day incubation at pH 8 in 25 mM sodium phosphate buffer. Samples for the near-UV CD were prepared by the same procedure as the

samples for far-UV CD. (D) Fluorescence emission spectra showing the maxima (lmax) of the intrinsic tryptophan fluorescence of GLP-1-Am monomer,

oligomers, and fibrils. All samples were measured in 25 mM sodium phosphate buffer at pH 8. Samples for the intrinsic tryptophan fluorescence emission

measurement were prepared by the same procedure as those for CD. To see this figure in color, go online.

Low-molecular-weight oligomers of GLP-1
in Fig. S9 A for comparison. In the FT-IR spectrum at pD
8, the broad amide I band with a maximum at 1643 cm�1

corresponds to a disordered structure. In contrast, an
enhanced VCD signal was observed (DA/A z 10�3, at
approximately 1647 cm�1), indicating the formation of
amyloid fibrils. These, seemingly contradictory results,
can be explained by the presence of multiple species in
the sample—amyloid fibrils and low-molecular-weight
oligomers. Contributions from both are visible in the
resulting IR spectrum, while the VCD spectrum is
dominated by the fibrils as the signal from the low-molec-
ular-weight oligomers is expected to be weak (DA/A �
10�4 to 10�5, in the amide I maximum). The low-molec-
ular-weight oligomers are likely to be in excess of the
Biophysical Journal 122, 2475–2488, June 20, 2023 2481
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fibrils under these conditions since their disordered
conformation dominates the FT-IR spectrum. A more
characteristic ‘‘amyloid-like fibril’’ FT-IR (amide I signal
split, 1612/1681 cm�1) and VCD spectrum (even higher
intensity between approximately 1590 and 1687 cm�1)
was measured at pD 3 (Fig. S9 A). Thus, low pD favors
a higher content of b structured amyloid fibrils (and fewer
or no low-molecular-weight oligomers) compared with pD
8. The presence of a dense network of amyloid fibrils was
also confirmed at pD/pH 3, which was also confirmed us-
ing TEM (Fig. S9 B).

Near-UVCD spectra and intrinsic tryptophan fluorescence
spectra ofGLP-1-Amwere acquired to gainmore information
on the local environment of the single tryptophan in GLP-1-
Am, Trp25 (Fig. 4 C and D). Samples of largely monomeric
peptide, low-molecular-weight oligomers and fibrils were
prepared in the sameway as described for the far-UVCDmea-
surements. From the near-UVCDspectrum, it is apparent that,
in the amyloid fibril structure, the Trp25 side chain is fixed in
its local environment as indicated by the chiral absorption
maximum at around 290 nm. In the monomer and low-molec-
ular-weight oligomers, the Trp25 residue side chain is
exposed to the solvent and less rigid. Therefore, it loses its
CD signal in the near-UV CD region (Fig. 4 C). These obser-
vations are supported by the intrinsic tryptophan fluorescence
emission spectra, which show fluorescence emission maxima
(lmax) at 345 and 360 nm for the fibrils and the low-molecular-
weight oligomers, respectively (Fig. 4 D). The lower wave-
length of lmax in fibrils indicates a greater extent of Trp25
burial, i.e., Trp25 is at least partially buried in the fibril struc-
ture; however, in the low-molecular-weight oligomers the side
chain is exposed to the aqueous solvent. Interestingly, Trp25
in the monomer has a slightly lower lmax than in the low-mo-
lecular-weight oligomers (353 vs. 360 nm), suggesting that
the Trp side chain is more solvated in the oligomers than the
monomer, consistent with the observations from the far-UV
CD spectrum that the peptide is largely disordered under these
conditions (Fig. 4 A).

A similar characterization and analysis was performed on
the low-molecular-weight oligomers of GLP-1, without the
FT-IR and VCD experiments. The far-UV CD and intrinsic
tryptophan fluorescence spectra of the low-molecular-
weight oligomers of GLP-1 are shown in Fig. S10 and indi-
cate extensive disordered structure, similar to the oligomers
of GLP-1-Am. In addition, the low-molecular-weight oligo-
mers of both GLP-1 and GLP-1-Am (in contrast to the
monomeric peptide) exhibit light scattering revealed by an
increased absorbance over the range 310–350 nm in the
UV-vis absorption spectra, a further indication of aggrega-
tion (Fig. S11) (49).
Membrane disruption experiments

The membrane disruption potential of low-molecular-
weight oligomers of GLP-1-Am was tested using a cal-
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cein-release assay from DOPS vesicles at pH 8 (Fig. S12).
The assay was performed with 4% (w/w) of preformed iso-
lated GLP-1-Am oligomer and no release of calcein from
vesicles was detected over the timescale of the assay. This
observation suggests that these oligomers are not capable
of disruption of the liposome membrane.
Stability of low-molecular-weight oligomers and
their effect on fibrillation kinetics

The stability of the low-molecular-weight oligomers of
GLP-1 and GLP-1-Am was investigated using a number
of different approaches. First, they were shown to be stable
after their separation by SEC and subsequent reinjection
onto the SEC column (Fig. S13). Surprisingly, they were
also stable with respect to agitation, temperature changes,
or upon addition of a low percentage of isopropanol
(Fig. S14). The stability of these unstructured oligomers,
in addition to their slow rate of formation, suggests that
they might be stabilized by covalent links. Two methods
were used to investigate this hypothesis. The covalent/non-
covalent character of GLP-1-Am oligomers was assessed
using SDS-PAGE and LC-MS (Fig. 5). The SDS-PAGE of
the low-molecular-weight oligomers showed only a single
band corresponding to the molecular weight of the peptide
monomer (Fig. 5 A). The LC-MS analysis, using electro-
spray ionization in the positive mode, showed the MS spec-
trum of GLP-1-Am oligomers to be identical to the
spectrum of the GLP-1-Am monomer (Figs. S15 and
S16). Moreover, the isotopic distribution of the peaks in
the oligomeric GLP-1-Am spectrum was consistent with
the isotopic distribution of the peaks in the MS spectrum
of monomeric GLP-1-Am. Therefore, neither the SDS-
PAGE nor the LC-MS analysis of GLP-1-Am oligomers
identified any covalent links between peptide chains leading
to oligomer formation that might have occurred during the
prolonged incubation at 37�C.

Due to the slow formation and high stability of the
observed oligomers, SEC and sedimentation velocity exper-
iments were also performed with GLP-1-Am containing a
b-aspartic acid at position 9 to exclude the possibility that
the observed species originate from isomerization of as-
partic acid in the peptide. The isomerization of Asp9 did
not have any effect on the elution volume of the monomer
and only a minor effect was observed in the sedimentation
velocity experiment compared with a freshly prepared sam-
ple of GLP-1-Am (Fig. S17). Therefore, the observed olig-
omer species are not likely to result from isomerization of
Asp9. Other chemical modifications that may be induced
by prolonged incubation at 37�C are deamidation and/or
isomerization of Gln17. Although glutamine deamidation
occurs with extremely slow rates (half-lives ranging from
600 to 20,000 days) (50–52), the possibility of deamidation
in the aged sample of GLP-1-Am was tested using an
isoelectric focusing gel. As shown in Fig. S18, 85 mM



FIGURE 5 Denaturing gel electrophoresis (SDS-PAGE) and LC-MS showing the noncovalent character of the isolated low-molecular-weight oligomers of

GLP-1-Am. (A) SDS-PAGE analysis of GLP-1-Am oligomers formed at pH 8 in 25 mM sodium phosphate buffer. The oligomers were isolated (by SEC)

from a 130 mMGLP-1-Am mixture incubated in 25 mM sodium phosphate buffer at pH 7.5 for 5 days at 37�C with continuous shaking at 180 rpm. Lanes 2

and 4: GLP-1-Am oligomers; lane 6: fresh (monomeric) GLP-1-Am sample. Lanes 1, 3, 5, and 7: proteins reference ladders. (B and C) Mass spectrum (using

electrospray ionization in the positive mode) of oligomeric GLP-1-Am isolated using SEC and a detail of the isotopic distribution of peak withm/z¼ 672. (D)

Mass spectrum of monomeric GLP-1-Am using a freshly prepared sample. To see this figure in color, go online.

Low-molecular-weight oligomers of GLP-1
GLP-1-Am incubated in 25 mM phosphate at pH 8 for
8 days shows a single band corresponding to the pI of a
freshly prepared sample of GLP-1-Am. Therefore, the
observed oligomeric species are not likely to be formed as
a result of deamidation.

To assess the effect of these low-molecular-weight oligo-
mers on the fibrillation kinetics, an additional ThT assay
was performed. In this case, preformed purified oligomers
were added at the start of the reaction using two different
concentrations of monomeric GLP-1-Am (Fig. S19). The
addition of preformed oligomers was shown to have a slight
inhibitory effect on the fibrillation process, affecting the
apparent growth phase and/or the lag time of the reaction
(Fig. S19). These results suggest that the oligomers may
inhibit/slow down secondary nucleation processes and/or
fibril elongation.
DISCUSSION

GLP-1 is an important therapeutic peptide drug and its de-
rivatives are widely used in the treatment of type 2 diabetes
(3,4,53–57). Nevertheless, due to its intrinsic physical
instability in vitro, its manufacturing and formulation are
very challenging. As reported previously, GLP-1 forms am-
yloid fibrils under a wide range of conditions with differing
fibrillation rates, which depend critically on pH and peptide
concentration (7,58). Under some conditions, there is evi-
dence that GLP-1 not only forms on-pathway oligomers,
which can convert directly into amyloid fibril, but that it
can also populate oligomeric species that are off-pathway
products, and which thus reduce the rate of formation of
amyloid fibrils (7). Here, we show that a C-terminally ami-
dated variant, GLP-1-Am, also fibrillates under similar
conditions to GLP-1 and also populates off-pathway oligo-
mers, as shown by the fact that the lag time associated
with its aggregation kinetics does not vary with peptide
concentration at pH 8 (Fig. 1 B). The main focus of this
investigation was to isolate and characterize the putative
off-pathway oligomers for GLP-1 and GLP-1-Am, to
understand their structures, why they form, and how they
affect the self-assembly process. SEC was used to detect
and isolate oligomeric species, and a variety of spectro-
scopic methods (UV-vis, far-UV and near-UV CD, FT-IR,
VCD, and intrinsic tryptophan fluorescence) were em-
ployed to structurally characterize the oligomers and
SEC employed to assess their stability. The noncovalent
Biophysical Journal 122, 2475–2488, June 20, 2023 2483
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character of the oligomers in question was demonstrated
using LC-MS and SDS-PAGE.
GLP-1 and GLP-1-Am form oligomeric species
that compete with fibrillation

Here, we report the formation of low-molecular-weight
oligomers of both GLP-1 and GLP-1-Am that are observed
in the pH range 7–8.5. Using SEC, distinct well-resolved
oligomeric peaks were detected after a prolonged incubation
at 37�C in different aqueous buffers (Figs. 2, S3, and S4).
The formation of low-molecular-weight oligomers was
reproducible for both GLP-1 and GLP-1-Am. In addition,
for GLP-1-Am these results were reproduced for two
different peptide batches produced by different manufac-
turers (Fig. S5), and for GLP-1 only one batch of the peptide
was used. The formation of these low-molecular-weight
oligomers during incubation at 37�C was also confirmed
by sedimentation velocity experiments (Fig. 3). These re-
sults give us confidence that the formation of low-molecu-
lar-weight oligomers of GLP-1 and GLP-1-Am is highly
reproducible under the conditions described. The increase
in the intensity of the oligomeric peaks occurs over days
showing that their rate of formation is rather slow, indicating
that this oligomerization process is not self-propagated/cata-
lyzed, in contrast to fibrillation (59). Importantly, these olig-
omers remained in solution even after depletion of the
peptide monomer under conditions where a considerable
amount of peptide was converted into a fibrillar species
(Fig. 2). This suggests that the oligomers are not easily
capable of further aggregation into amyloid fibrils or of
dissociation back into monomers. Most likely, they repre-
sent a stable form of aggregate and, therefore, their forma-
tion competes with fibrillation.
GLP-1 and GLP-1-Am form oligomers ranging
from dimers to pentamers

Using a set of protein calibration standards on two size-
exclusion columns, Superose 12 10/300 and Superdex 75
10/300, the size of the low-molecular-weight oligomers of
GLP-1-Am was estimated to be in the range of dimers to tet-
ramers, while the GLP-1 oligomers were estimated to be in
the size range from trimers to pentamers (Fig. 2). For small
peptides, such as GLP-1, it is beyond the scope of this tech-
nique to determine the size more precisely because the cali-
bration of the size-exclusion column is based on the
separation of globular proteins according to their hydrody-
namic radii. This could cause inaccuracies in the size esti-
mates since GLP-1 and GLP-1-Am monomers and
oligomers are unlikely to be fully globular (spherical).
The presence of GLP-1 and GLP-1-Am oligomers from a
size range of dimers to pentamers (with a small amount of
larger species) was also confirmed in sedimentation velocity
experiments for aged samples (Fig. 3).
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Oligomers of GLP-1 and GLP-1-Am have highly
disordered structures

As shown by multiple spectroscopic techniques, the low-
molecular-weight oligomers of both GLP-1 and GLP-1-
Am show a high level of disordered structure. Far-UV CD
spectra reveal that largely monomeric solutions of GLP-1
and GLP-1-Am both have regions of a-helical and b struc-
ture, whereas the low-molecular-weight oligomeric species
show significantly less of these secondary structure motifs,
and a prevalence of disordered regions. Near-UV CD,
VCD, and intrinsic tryptophan fluorescence emission
spectra support these observations and indicate that the local
environment of Trp25 in the oligomers is highly exposed to
the solvent and freely rotating. Highly disordered oligomers
have also been reported in the aggregation of Ab40 and
Ab42 (60), transthyretin (61), and a-synuclein (62,63).
Some studies on the cytotoxicity of a-synuclein (63) and
Ab40 (64) oligomers suggested that higher structural
complexity and a high content of b sheet is needed to disrupt
the cell membrane. Indeed, the highly disordered low-mo-
lecular-weight oligomers described in this study did not
show any membrane disruption potential when assessed us-
ing calcein-release assay with DOPS vesicles (Fig. S12).
However, as reported elsewhere (14,65), the secondary
structure of an oligomer cannot always be linked with
cytotoxicity without experimental assessment, since the
presence of hydrophobic patches on the surface of an olig-
omer may induce cytotoxicity.
The low-molecular-weight oligomers of GLP-1
and GLP-1-Am are stable with respect to many
stressors

The fact that the low-molecular-weight oligomers of both
GLP-1 and GLP-1-Am were detected as fully resolved
peaks in SEC experiments highlights their stability, as
they do not dissociate during the 10-fold dilution of the
sample as it runs through the SEC column. Note that detec-
tion of peptide or protein oligomers using SEC is not al-
ways possible without oligomers first being cross-linked
to enhance their stability. However, there are other exam-
ples of noncovalent and noncross-linked oligomers of
self-assembly-prone peptides and proteins that have been
detected and isolated using SEC, most notably a-synuclein
(62), transthyretin (61), SOD1 (66), prion protein (67), and
amyloid-b peptide (28,29,60). Perhaps more unusual is the
high stability of the low-molecular-weight oligomers of
GLP-1 and GLP-1-Am with respect to time, agitation, heat-
ing, or even low percentages of organic solvents (Fig. S14).
These results, along with the timescales on which these
oligomers are formed (1–15 days), suggest that the stability
might be a direct result of a covalent modification of
the peptide resulting in essentially cross-linked species.
GLP-1 does not contain any cysteines, therefore disulfide
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bridges cannot form, but potential dimerization might have
occurred through tyrosine or tryptophan side chains,
although this is less likely. Nevertheless, LC-MS did not
detect any chemical modification of this type within the
oligomerized peptide. Also, the SDS-PAGE experiment
showed that the band from the oligomeric sample was
identical to the band of the monomeric peptide. It is, there-
fore, highly likely that, despite the unusual stability and
disordered conformation of the low-molecular-weight
oligomers of GLP-1 and GLP-1-Am, they are noncovalent
in character. Noncovalent oligomers of a similar stability
with respect to time and dilution have been observed
previously for the amyloid-b peptide (28), SOD1 (66), cys-
tatin (68,69), and b2-microglobulin where Cu2þ ions drive
oligomer formation but are not essential for its stabil-
ity (25).

Given these results, it is interesting to speculate on the
noncovalent forces that maintain the peptides in their oligo-
meric state. Although the hydrophobic effect is frequently of
importance in self-assembly reactions, there is no burial
of the hydrophobic side chain of Trp25 in the oligomers
of GLP-1 and GLP-1-Am, suggesting that it may not play
a dominant role here (of course, we cannot exclude the
burial of other hydrophobic sides chains in the peptide). In
contrast, there is some evidence that electrostatic interac-
tions play a role, as demonstrated by the fact that the oligo-
mers form preferentially in low-ionic-strength buffers. The
fact that very disordered polypeptide chains can form com-
plexes with high stability has been shown recently in the
case of the C-terminal tails of histone H1 (70,71). These re-
sults further establish that fixed structure is not essential for
maintaining a complex—in the case of H1 a hetero-olig-
omer with the nuclear chaperone prothymosin-a, in the
case of GLP-1 and GLP-1-Am, described here, homo-
oligomers.
Low-molecular-weight oligomers of GLP-1 and
GLP-1-Am are likely off-pathway states

We have shown that the isolated oligomers of GLP-1 and
GLP-1-Am are very resistant to further association into fi-
brils, suggesting that they are not intermediates en route
to fibrils, i.e., on-pathway oligomers, but they are rather
off-pathway species formed by a process in competition
with fibrillation. Moreover, as shown in the ThT assay
with preformed low-molecular-weight oligomers of GLP-
1-Am, the addition of oligomers slightly shows down the
fibrillation kinetics (Fig. S19). A similar inhibitory effect
on amyloid formation has recently been reported for
D76N-b2-microglobulin dimers (72). This, in part, helps
to rationalize the unusual dependence that has been
observed between aggregation lag times and peptide con-
centration for GLP-1, where under specific conditions the
lag times increase with increasing GLP-1 concentration
(7). For such unusual kinetics, a mechanism containing a
unimolecular step has been proposed that can explain the in-
verse concentration-fibrillation trend (33). In this mecha-
nism, the original ‘‘fibrillation-inactive’’ monomer has to
convert into a ‘‘fibrillation-active’’ monomer, which can
further form on-pathway oligomers and amyloid fibrils
(7,33). Fibrillation-inactive monomers have also been pro-
posed to inhibit/slow the fibrillation process by interacting
with on-pathway oligomers (33). We hypothesize that the
observed stable low-molecular-weight oligomers of GLP-1
and GLP-1-Am are either formed by fibrillation-inactive
monomer self-assembly or by the conversion of on-pathway
oligomers upon interaction with the fibrillation-inactive
monomer or by a combination of these two mechanisms
(Fig. 6 A). As was suggested by the ThT assay with pre-
formed isolated oligomers (Fig. S19), the low-molecular-
weight oligomers may also partly inhibit the secondary
FIGURE 6 Possible mechanisms for the forma-

tion of off-pathway low-molecular-weight oligo-

mers and their inhibition of secondary nucleation

processes and fibrillation. ‘‘Fibrillation-inactive’’

monomers (indicated by a star) either self-assemble

into an off-pathway oligomer or convert into the

‘‘fibrillation-active’’ monomer in a unimolecular

step and/or the off-pathway oligomer is formed

upon interaction of the on-pathway oligomer with

the fibrillation-inactive monomer (A). The green

star in scheme (A) refers to the processes illustrated

in (B). Off-pathway oligomers may also reversibly

inhibit elongation and/or secondary nucleation pro-

cesses and slow the overall kinetics of amyloid for-

mation (B). To see this figure in color, go online.
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fibrillation processes and therefore slow the formation of
amyloid fibrils (Fig. 6 B).

Our observations are also partly consistent with the pep-
tide micelle formation hypothesis (73), since the surfactant-
like behavior of a peptide and micelle formation above a
certain concentration threshold can also lead to inhibition
of fibrillation (74,75).
CONCLUSIONS

In this study, stable low-molecular-weight oligomers of the
therapeutic peptide hormone GLP-1 and its C-terminally
amidated analog, GLP-1-Am, were detected and character-
ized. GLP-1 and GLP-1-Am, which are prone to amyloid
fibril formation over a wide range of conditions, both
form these low-molecular-weight oligomers at pH values
between 7 and 8. These oligomers are not easily capable
of further self-assembly into larger oligomers or amyloid
fibrils or dissociation back into monomers. Moreover, the
addition of preformed oligomers to an aggregation reaction
of monomer slightly slows down the fibrillation kinetics.
Therefore, they are likely products of an alternative self-as-
sembly pathway that competes with fibril formation. The
size of the oligomers was estimated to be from dimer to
pentamer, and they were also shown to have a highly disor-
dered structure. Surprisingly, these oligomers are stable
with respect to time, temperature, and even a low percent-
age of isopropanol. However, neither SDS-PAGE nor LC-
MS showed any covalent modification of the monomeric
peptide within the oligomer. This uncommon observation
of stable oligomeric species which are off-pathway to the
fibrillation process further illustrates the diversity and
complexity of the aggregation landscape of peptides in
which on-pathway oligomers, protofibrils, and fibrils are
not the only stable detectable species. It also sheds some
light on the unusual dependence of GLP-1 aggregation ki-
netics on peptide concentration, which has been observed
previously under some conditions (7). We believe that the
observation and characterization of these species is of great
importance since GLP-1 and its analogs are used as thera-
peutic drugs. Therefore, a careful analysis of all (even non-
covalent) species formed during drug manufacturing and
storage is essential.
SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.
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