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ABSTRACT: Oligomerization of lipidated peptides is of general scientific
interest and is important in biomedical and pharmaceutical applications. We
investigated the solution properties of a lipidated peptide, Liraglutide, which
is one of the glucagon-like peptide-l1 (GLP-1) agonists used for the
treatment of type II diabetes. Liraglutide can serve as a model system for
studying biophysical and biochemical properties of micelle-like self-
assemblies of the lipidated peptides. Here, we report a transformation
induced in Liraglutide oligomers by changing pH in the vicinity of pH 7.
This fully reversible transformation is characterized by changes in the size

8mer

12mer

and aggregation number of the oligomer and an

associated change in the secondary structure of the constituent peptides. This transformation has quite slow kinetics: the
equilibrium is reached in a course of several days. Interestingly, while the transformation is induced by changing pH, its kinetics is
essentially independent of the final pH. We interpreted these findings using a model in which desorption of the monomer from
the oligomer is the rate-limiting step in the transformation, and we determined the rate constant of the monomer desorption.
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B INTRODUCTION

Peptides constitute a growing class of biologics developed to
treat a variety of diseases, such as cancers, heart disease, and
diabetes.' > Many therapeutic peptides are biomimetic drugs,
and like their naturally occurring analogues that perform
important biochemical functions, they have high potency and
high selectivity. However, since the level of such peptides
(usually hormones) is tightly regulated in the human body,
development of peptide therapeutics often encounters the
challenges of short in vivo lifetime and low stability." Human
glucagon-like peptide-1 (GLP-1) analogues are an important
group of peptide drugs for the treatment of type II diabetes.*®
The GLP-1 agonist drugs increase glucose-dependent insulin
secretion and inhibit glucagon secretion.”” Despite their
excellent ability in controlling blood sugar level, the therapeutic
effect of the GLP-1 agonists is greatly limited by fast
degradation of these peptides in blood catalyzed by the
dipeptidyl peptidase 4 (DPP-4).*”® There are two common
strategies to extend the circulating lifetime of these peptides:
first is to introduce mutations to the DPP-4 cleavage site, i.e.,
the second and third amino acids at the N-terminal of the
peptide; the other method is to link the peptide to conjugates
such as albumin, polyethylene glycol (PEG), or fatty acids.*>®

Lipidation is a common approach to modify bioactive
peptides and improve their pharmaceutical properties.””** The
lipidated peptides can acquire amphiphilic properties. In vivo,
they can bind to serum albumin and form micelle-like
assemblies. These characteristics of peptide amphiphiles can
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improve their structural stability, circulating half-life, cell
internalization, and other pharmacokinetic properties.g_13
Assemblies of the peptide amphiphiles are of particular interest
in biophysical and pharmaceutical research.”>™>° These
assemblies have micelle-like features. They are in thermody-
namic equilibrium with the peptide monomers and have labile
structures. The rate constant of monomer desorption from such
peptide assemblies is an important parameter that determines
stability and pharmacokinetic behavior of bioactive pepti-
des.">™'® Like regular micelles, the properties of the assemblies
of peptide amphiphiles depend on environmental factors such
as solution temperature, pH, ionic strength, salts, and other
solution components. Conversely, the response of these
peptide assemblies to changes in environmental factors can
shed light on their stability and dynamic behavior in
formulation conditions and in vivo.

Liraglutide, R**K*®-(N-é-(y-Glu(N-a-oxohexadecanoyl)))-
GLP-1[7-37], is a GLP-1 agonist drug that requires only
once-a-day administration. Its amino acid sequence is identical
to the human GLP-1[7—37] except for the K34R mutation. A
palmitic acid is linked through a glutamic acid to the 20th
amino acid residue (lysine) of Liraglutide (Supporting
Information S-1). The lipid conjugation renders Liraglutide a

Received: July 29, 2014
Revised: ~ December 9, 2014
Accepted: January 8, 2015
Published: January 8, 2015

DOI: 10.1021/mp500519s
Mol. Pharmaceutics 2015, 12, 411-419


pubs.acs.org/molecularpharmaceutics
http://dx.doi.org/10.1021/mp500519s
http://pubs.acs.org/action/showImage?doi=10.1021/mp500519s&iName=master.img-000.jpg&w=186&h=76

Molecular Pharmaceutics

long half-life in blood, hypothetically through promoting
oligomerization and allowing monomer binding to serum
albumin.®*"** Previous studies”' have indicated that Liraglutide
forms stable heptamers in the formulation buffer (10 mM Tris/
ClO,, pH 8.0) and that the oligomerization stabilizes the
secondary structure, mainly « helical, of the peptide.

In this work, we used Liraglutide as a model peptide to study
the effect of solution conditions on oligomerization of lipidated
incretin peptides. In particular, we observed a pH-induced
transformation of the micelle-like oligomer of Liraglutide. We
found that the Liraglutide octamer (8mer) in sodium
phosphate buffer transforms into the dodecamer (12mer) as
the pH drops below pH 6.9. The change in the oligomer size is
accompanied by a change in the peptide structure. This
oligomer transformation is completely reversible when pH
increases back above 6.9. Since the pH at which this
transformation occurs is likely to depend on the amino acid
sequence of the peptide, it could be encountered in medical
and Dbiological studies of future incretin peptide drugs.
Furthermore, we found that this oligomer transformation is a
very slow process and that the transformation rate is insensitive
to pH. We argue that the monomer desorption is the rate
limiting step in this pH-induced transformation. The rate
constant of monomer desorption can be deduced through
monitoring the kinetics of the oligomer transformation. Since
pH-induced changes of peptide interaction and structure are
common phenomena, this work can be useful for developing
future drugs and formulations and for understanding

biophysical properties of peptide amphiphiles.

B MATERIALS AND METHODS

Materials and Solution Preparation. Lyophilized Lir-
aglutide with purity higher than 95% was purchased from CS
Bio Co., Menlo Park, CA (Lot # L26S). The purity of
Liraglutide was tested by reverse phase high performance liquid
chromatography (HPLC) with a C8 column. The molecular
weight of Liraglutide monomer measured by mass spectrometry
is 3751.01 g/mol (the expected value is 3751.20 g/mol). The
10 and 20 mM sodium phosphate bufters were prepared using
NaH,PO,H,0 and NaH,PO, (Mallinckrodt Chemicals, St.
Louis, MO). NaCl (Sigma-Aldrich, St. Louis, MO) was added
to prepare the 20 mM phosphate buffer with 0.1 M NaCl. All
buffers were filtered through membrane filters with the pore
size 0.45 ym (Millipore, Bedford, MA). Liraglutide powder was
dissolved in phosphate buffer at pH 8.1 to prepare solutions
with given concentrations. The peptide concentration was
measured using a UV spectrometer (DU640, Beckman Coulter,
Brea, CA). The extinction coefficient of Liraglutide at 280 nm,
€580 = 1.99 L/g-cm, was calculated from its amino acid sequence
using the ProtParam tool on the ExPASy Bioinformatics
Resource Portal (www.expasy.org). The isoelectric point of
Liraglutide is 4.0 (reported in the Pharmaceutical Interview
Form: Victoza, Japanese version fourth Edition July 2011). The
pH of solution was measured using a microelectrode (Orion
9863BN, Thermo Scientific, Waltham, MA) with the accuracy
of +0.02 pH units.

Quasi-Elastic Light Scattering (QLS) Experiments.
Since light scattering experiments are very sensitive to high
molecular weight aggregates, all samples for the QLS
measurements were incubated at pH 8.1 and room temperature
for 1 day to disassemble the preexisting aggregates. Before the
QLS measurements, the pH of the solution was carefully
adjusted to the desired value using small amounts of 1 M
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phosphoric acid and 1 M sodium hydroxide. One hundred
microliters of each sample was filtered through a 22 nm cutoff
syringe filter (Whatman) and placed in a test tube. The QLS
experiments were performed on a custom-made light-scattering
apparatus using a correlator (PD2000 DLS PLUS, Precision
Detectors, Bellingham, MA) and a Coherent He—Ne laser (35
mW, 632.8 nm; Coherent Inc., Santa Clara, California). The
temperature of the sample compartment was controlled by a
water circulator and recorded by a thermocouple. All
measurements were performed at a scattering angle of 90°.
The measured correlation functions were analyzed by the
Precision Deconvolve 5.5 software (Precision Detectors) using
a regularization algorithm to calculate the distribution of the
apparent diffusion coeflicient, D, of the peptide in the solutions.
The apparent hydrodynamic radius, Ry, was calculated from D
using the Stokes—Einstein equation, R, = kT/6anD. The
viscosities of the phosphate buffers, 7, at the QLS experimental
temperatures were determined using a glass capillary
viscometer (A223, CANNON). The viscosities of the 20 mM
phosphate buffer with/without 0.1 M NaCl at 22.0 °C are,
respectively, 1.00 and 1.02 cP.

Static Light Scattering (SLS) Experiments. To deter-
mine aggregation number and second virial coefficient of
Liraglutide oligomer, we conducted SLS experiments. In a SLS
experiment, a series of samples at different peptide concen-
trations were prepared in the same way as for the QLS
measurements. A blank buffer and a HPLC grade toluene
(Sigma-Aldrich) were also measured in each SLS experiment
for calibration of the instrument. Five microliters of each
sample was placed into a cubic quartz cuvette (Micro-
CUVETTE, Wyatt Technology, Santa Barbara, CA), and the
scattered intensity was measured at a fixed angle of 90° using
the DynaPro NanoStar (Wyatt Technology) light scattering
instrument with a 633 nm laser. The instrument was set at 22.0
°C and equilibrated before the experiments. The instrument
simultaneously collected both SLS (intensity) and QLS
(intensity fluctuation) data. The QLS data was analyzed by
the Dynamics software (Wyatt Technology) with a regulariza-
tion algorithm and allowed separation of trace amount of
preexisting small aggregates from the main oligomer. The
fraction of the light scattered by the aggregates was subtracted
from the total intensity. The corrected light intensity, I, was
used to calculate the excess Rayleigh ratio at 90° for the
Liraglutide oligomer, Rog> = Rog-,(1"/n,*) (I, — L)/, Here, n,
= 1.333 and n, = 1.492 are, respectively, the refractive indexes of
the buffer and toluene (the standard) at 22 °C. Rgge, = 1.359 X
107 cm™ is the Rayleigh ratio of toluene at 22 °C and the
scattering angle of 90°.%° Iy and I, are, respectively, the
measured scattering intensities of the buffer and toluene at 22
°C.

From the concentration dependence of the excess Rayleigh
ratio, the molecular weight, M, and the second virial coeflicient,
B,, were obtained using equation Kc/Rgy- = 1/M + 2B,c, where
¢ is the mass concentration of the peptide and K is the optical
coefficient given by K = 472°ny*(dn/dc)*/(NyA*). N, is the
Avogadro’s number, and A is the wavelength of the laser in
vacuum. The refractive index increment associated with the
peptide concentration, dn/dc = 0.182 mL/g, was measured at
22 °C using a refractometer (ABBL-3L, Bausch and Lomb).
Accuracy within 5% of the SLS experiments was confirmed by
measuring a standard protein, recombinant human eye lens
Crystallin gamma D, with known molecular weight.
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Circular Dichroism (CD) Experiments. Samples of ~0.2
mg/mL Liraglutide in 10 mM sodium phosphate buffer were
prepared for CD experiments. All samples were filtered through
22 nm syringe filters. The exact concentrations of the samples
were measured by UV absorbance. Three hundred microliter
aliquots of each sample was placed in a 1 mm pathway far-UV
quartz cuvette (NE-1-Q-1, New Era, Vineland, NJ), and the far-
UV CD spectra were collected at 22 °C by an Aviv 202 CD
spectrometer. The spectra were collected over the wavelength
range from 250 to 195 nm with the 1 nm interval, and data at
each wavelength was averaged over 30 s. The CD spectrum of
the 10 mM phosphate buffer was subtracted from the spectra of
the samples. The mean residue ellipticity, 8, was calculated
from the measured ellipticity, 6, using the relationship 6 =
0.,sMy/cln, where M, is the molecular weight of Liraglutide
monomer, ¢ is the mass concentration of the peptide, [ is the
path length of the cuvette, and n = 32 is the number of amino
acid residues in a Liraglutide molecule.

B RESULTS

Oligomerization of Liraglutide at Physiological pH.
Liraglutide is a lipid-conjugated 2peptide that is expected to form
oligomers in aqueous solution. ' In our QLS experiments, we
observed that Liraglutide in 20 mM sodium phosphate buffer at
pH 7.4 has a narrow size distribution (Figure 1 inset), and the

3.0

-4

R =

E

£

1=

x

")

2 I 2 "
I-B =]

8201

o i 8o

2 i

£ o

c o

> g

o £c-

= g

5 ¥

I = ]

L e S s e e i L e A e i
o 1 1 10° 1w
F Hydrodynamic radius (nm)
B P :
0 5 10 15 20

Peptide concentration, ¢ (mg/mL)

Figure 1. Apparent hydrodynamic radius, Ry, of Liraglutide in 20 mM
sodium phosphate buffer at pH 7.4 and 22 °C as a function of the
peptide concentration. The inset (¢ = 17 mg/mL) is a typical
histogram of hydrodynamic radius distribution of a Liraglutide sample.

hydrodynamic radius is equal to 2.8 + 0.1 nm as obtained by
extrapolation to infinite dilute solutions (Figure 1). This value
is too large for a Liraglutide monomer whose molecular weight
is lower than 4 kDa. For a rough comparison, human yD
Crystallin, a globular protein with molecular weight 21 kDa, has
R, = 2.3 + 0.1 nm.** Thus, the value of hydrodynamic radius of
Liraglutide is consistent with oligomer formation. In the SLS
experiment, we have determined that the molecular weight of
Liraglutide oligomer in this buffer is 30 + 2 kDa (Figure S1,
Supporting Information). This molecular weight corresponds
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to an aggregation number m = 8.0 + 0.4, which is compatible
with the value m = 7 previously determined by analytical
ultracentrifugation experiments for Liraglutide in a different
buffer (10 mM Tris/ClO, buffer at pH 8.0).>" Furthermore, the
light scattering experiments show that both hydrodynamic
radius and the intensity of scattered light are constant within
experiment error over a range of temperatures from S to 37 °C
(Figure S2, Supporting Information). These results indicate
that the 8mer of Liraglutide at pH 7.4 is quite stable, and there
is no significant shift of the oligomerization equilibrium within
this temperature range.

According to Figure 1, the apparent hydrodynamic radius of
Liraglutide slightly decreases as the peptide concentration
increases. The negative slope of dRy/dc implies a repulsive
interaction between the Liraglutide oligomers. The positive
value of the second virial coeflicient determined from the SLS
data, B, = (12 + 02) X 107® mol'L/g’ also indicates
interoligomer repulsion. Considering the acidic isoelectric point
of Liraglutide (pI = 4.0), the interoligomer repulsion could be
attributed to the electrostatic interaction between the negative
charges on the peptides at pH 7.4. Clearly, the repulsive
interaction plays an important role in maintaining the solubility
of Liraglutide at physiological pH.

pH-Dependence of the Size of Liraglutide Oligomer.
The solution pH determines the charges of the amino acid
residues and consequently affects the oligomeric state of
Liraglutide and the interoligomer interactions. We have
examined the pH effect by QLS and SLS experiments. The
samples were prepared in 20 mM phosphate buffer at pH 8.1,
and the pH was adjusted to the desired values using
concentrated phosphoric acid or sodium hydroxide.

Below pH 6.3, aggregation of Liraglutide was detected within
10 min (Figure S3A, Supporting Information), and over time,
amorphous aggregates can be observed under a light micro-
scope (Figure S3B, Supporting Information). Aggregation of
Liraglutide at low pH is expected since the net charge on the
peptide as well as the electrostatic repulsion decreases as pH
approaches the isoelectric point.

At pH above 6.3, Liraglutide is soluble, and the QLS
experiments show no formation of large aggregates for at least 2
weeks. In Figure 2, we present the pH dependence of the
apparent hydrodynamic radius, Ry, of Liraglutide oligomer in
the pH range from 6.4 to 9.2. In this figure, the apparent
hydrodynamic radius, Ry, varies with the peptide concentration.
As we have discussed in the previous section, the concentration
dependence of Ry is due to the repulsive interoligomer
interaction, which results in an increase of diffusion coefficient
as the peptide concentration increases. The hydrodynamic
radius of the oligomer in the absence of interoligomer
interaction is estimated by extrapolating Ry to zero peptide
concentration (see Figure 1). Above pH 6.9, Ry, of Liraglutide
oligomer is essentially independent of pH and the extrapolated
hydrodynamic radius is Ry; = 2.8 nm. In the pH range from 6.3
to 6.9, Figure 2 shows a sharp increase in R, as the pH
decreases. At pH 6.4, the lowest pH at which no aggregation
occurs, the hydrodynamic radius extrapolated to zero peptide
concentration is Ry, = 3.3 nm.

We calculated the aggregation numbers of Liraglutide
oligomers at different pHs using the results of SLS experiments
(Figures 1S and 4S, Supporting Information). The aggregation
number of the oligomer increases from m; = 8.0 + 0.4 at pH
7.4 to my = 12.0 + 0.6 at pH 6.4 and pH 6.7. This 50% increase
of the aggregation number is consistent with the increase of
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Figure 2. Apparent hydrodynamic radius, R;, of Liraglutide as a
function of pH from pH 6.4 to pH 9.4 measured by QLS at 22 °C. At
all three concentrations, Ry, increases markedly at pH below pH 6.9.
The dashed curves are the eye guides for the data.

hydrodynamic radius measured by QLS, (Ry,/Ry;)® ~ 1.5. The
SLS experiments also yield the second virial coefficients at pH
6.4 and pH 6.7, respectively: B, = (2.0 + 0.5) X 1077 and (5.0
+ 0.5) X 1077 mol-L/g? which are significantly smaller than
that at pH 7.4. This result is consistent with the decrease of the
electrostatic repulsion between oligomers upon lowering pH.
In Figure 3, we show a similar pH dependence of the size of
Liraglutide oligomer at ionic strength close to physiological
value, in 20 mM phosphate buffer with 0.1 M NaCl. At the
peptide concentration 4 mg/mL, the apparent hydrodynamic
radius of Liraglutide at high ionic strength is noticeably larger
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Figure 3. Apparent hydrodynamic radius, R;, of Liraglutide as a
function of pH at peptide concentration 4 mg/mL in 20 mM sodium
phosphate buffer with 0 M (open circles) and 0.1 M NaCl (solid
circules) measured by QLS at 22 °C. R, increases markedly at pH
below pH 6.9.
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than that at the low ionic strength. This observation reflects a
much weaker concentration dependence of the apparent
hydrodynamic radius at high ionic strength than that shown
in Figure 1. The weak concentration dependence of Ry at high
ionic strength is due to reduction of repulsive interoligomer
interaction by the electrostatic screening effect.

Kinetics of the pH-Induced Transformation of
Liraglutide Oligomer. The protonation of amino acids in
aqueous solutions is expected to occur in microseconds.”
However, we found that the kinetics of the pH-induced
transformation of Liraglutide oligomer is quite slow. Figure 4A
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Figure 4. After the pH was lowered from 8.1 to (A) 6.4 and (B) 6.7,
the hydrodynamic radius, Ry, of Liraglutide in a 4 mg/mL solution as a
function of time was monitored by QLS at 22 °C. The open circles
represent the Ry of Liraglutide in the initial solutions at pH 8.1. The
solid circles represent the Ry, of Liraglutide in the solutions at pH 6.4
and pH 6.7. The dashed curves are the fits of the data with first order
rate law as described in the discussion section.

shows that, after lowering pH from 8.1 to 6.4, the hydro-
dynamic radius, Ry, of the oligomer takes up to 2 days to reach
its equilibrium value. Remarkably, the QLS experiments show
that the rate of Ry, increase at pH 6.4 is essentially the same at
different peptide concentrations (Figures 4A and SS,
Supporting Information). Therefore, the average aggregation
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number of oligomers at any moment during the pH-induced
transformation can be determined by SLS measurements
(Figure SA). The kinetics of aggregation number growth is
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Figure S. After the pH was lowered from 8.1 to (A) 6.4 and (B) 6.7,
the average aggregation number of Liraglutide as a function of time
was monitored by SLS at 22 °C. The open circles represent the
aggregation number in the initial solutions at pH 8.1. The solid circles
represent the average m in the solutions at pH 6.4 and pH 6.7. The
dashed curves are the fits of the data with first order rate law as
described in the discussion section.

consistent with that of the hydrodynamic radius growth. A
similar kinetic profile of oligomer transformation has been
observed at pH 6.7 (Figures 4B and SB). The results of both
QLS and SLS experiments (Figures 4 and S) suggest an
exponential kinetics of the oligomer transformation. The rate of
this transformation appears to be similar at two different pHs.

The transformation of Liraglutide oligomer is reversible.
Figure 6 shows the reverse oligomer transformation initiated by
increasing pH back to 8.1 after incubation of the sample at pH
6.4 and 22 °C for 5 days. The size of oligomer decreased upon
increasing pH and reached the equilibrium value at pH 8.1
within about S h. The reversibility of the oligomer trans-
formation indicates that this transformation is caused solely by

415

3.4
—~ 3.3
£ ¥
£
€ 32 1%
g8
=
° (3
2 (]
£ 30 ‘\o.
S ®e ° o0
H LA - ..:. o0
= 29 4
S ‘o’o ?.o. o NI Ve - -
I ) o o o °

2.8 A

2.7 T T T T

0 5 10 15 20 25
Elapsed time (hour)

Figure 6. Decrease of hydrodynamic radius, Ry, during the reverse
oligomer transformation in a 4 mg/mL Liraglutide solution monitored
by QLS at 22 °C. The solution was incubated at pH 6.4 and 22 °C for
117 h before increasing pH. To initiate the reverse transformation, the
pH was increased to pH 8.2.

protonation of the peptide and does not involve any irreversible
pH-induced degradation.

pH-Induced Structural Changes of Liraglutide. The
peptide structure in the Liraglutide oligomers changes during
the pH-induced oligomer transformation. The secondary
structure of Liraglutide was characterized using CD spectrom-
etry. At pH above 6.9, the far-UV CD spectrum of Liraglutide is
independent of pH (Figure 7) and remains unchanged for at
least 10 days (Figure S6, Supporting Information). The
spectrum has two minima at 208 and 222 nm indicating the
presence of a helix elements in the structure. This result is
consistent with the typical structure of the glucagon-like
peptide family, which consists of a helix and random coil
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Figure 7. Far-UV CD spectra of Liraglutide at several pHs above 6.90
and 22 °C.
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components (e.g, the structures of GLP peptides in Protein
Data Bank:pdb 1lgcn, 1d0r, 3iol, 2164, and 2mSp).

When pH was lowered below 6.90, the secondary structure
of Liraglutide within the oligomer changed significantly over
time (Figure 8A for pH 6.40 and Figure 8B for pH 6.70). These
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Figure 8. Evolution of the CD spectra of Liraglutide over time at 22
°C, after pH was lowered from 8.11 to (A) 6.40 and (B) 6.70.

figures show that the a helix components gradually convert into
other structural elements. The structural change in the first 2
days concurs with the change of oligomer size monitored by the
light scattering experiments. After these 2 days, the peptide
structure continues changing slowly for up to 10 days, while the
size of the oligomer remains constant (Figure S7, Supporting
Information). Similar to the change in the size of the oligomer
(Figure 6), the structural change is completely reversible when
pH is increased back to 8.1 during the transformation (Figures
S8 and S9, Supporting Information).

B DISCUSSION

Liraglutide is an amphiphile that consists of a mainly
hydrophilic peptide and a hydrophobic fatty acid chain. In
general, peptide amphiphiles are known to form assemblies that
are conceptually analogous to micelles of small molecule
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surfactants.'> Similar to micelles, the oligomer is held together
by noncovalent interactions and should be in equilibrium with
the monomer. The monomer concentration, analogous to the
critical micelle concentration (CMC), of Liraglutide is reported
to be as low as ~1 uM (~4 pug/mL).>" Therefore, under our
experimental conditions, Liraglutide exists predominantly in the
form of oligomers.

We observed a sharp transition in both size and structure of
Liraglutide oligomers at pH around 6.9. Generally, pH
determines the protonation states of amino acid residues in
peptides and thereby affects their solution stability, molecular
structure, and biological function. Protonation of Liraglutide at
pH below 6.9 alters both inter- and intrapeptide interactions
and leads to subsequent changes in the oligomer size and the
peptide structure observed in this work. In Liraglutide, the ionic
functional group having pK, closest to 6.9 is the side chain of
the N-terminal histidine (pK, = 6.04 estimated by that in free
amino acids; Figure S10, Supporting Information). Thus, the
most significant change of protonation below pH 6.9 is likely to
occur on the histidine. In fact, the presence of histidine is
known to increase the pH sensitivity of the structures and
functions of other peptides at pH near 7.2672®

A striking feature of the pH-induced oligomer transformation
of Liraglutide is its slow kinetics. When pH is lowered from that
above 6.9 to either 6.4 or 6.7, Liraglutide oligomer changes
from 8mer into 12mer. In this transformation, 8mers have to at
least partially dissociate into monomers and reassemble into
12mers. Dissociation of 8mers is caused by monomer
desorption from the oligomers, and thus, the 8mer dissociation
rate reflects the effective monomer desorption rate. Our kinetic
CD measurements in Figure 8 show that, within the first S h
after lowering pH, the peptide structure is similar to the initial
structure. This result suggests that a significant amount of
original 8mers remains in the solution in the early stage of the
pH-induced transformation. Therefore, we can make the
assumption that monomer desorption from the 8mers is the
rate-limiting step for the transformation of Liraglutide from
8mer to 12mer.

With this assumption, we analyze the kinetics of the pH-
induced transformation measured by QLS and SLS experi-
ments. We denote the mass concentrations of 8mer and 12mer,
respectively, as ¢; and ¢,, and the total Liraglutide concentration
¢y = ¢; +¢,. Here, we assume that the mass concentration of
monomer is negligible. After initiation of the oligomer
transformation by lowering pH, ¢, decreases and ¢, increases.
The reduction in 8mer concentration should follow the first
order rate law dc,/dt = —k,"¢;, where k,” is the rate constant of
monomer desorption from the 8mers. Then, at a time ¢ after

lowering pH, the oligomer concentrations are ¢, = coe ¥t and

6 = (1 — ek n. Using these expressions, we can fit our
kinetic data of QLS and SLS experiments and determine the
rate constant k;~ as described below.

In QLS measurements, the hydrodynamic radius is derived
from the diffusion coefficient using the Stokes—Einstein
equation: Ry(t) = kT/6anD(t), where k is the Boltzmann
constant, T is the solution temperature, and # is the solvent
viscosity. In our case, the apparent diffusion coefficient is the z-
average of diffusion coefficients of both oligomers: D(t) =
(e;myDy + ¢;myD,)/(eymy + c;my) where m; = 8.0 + 0.4 and m,
= 12.0 + 0.6 are, respectively, the aggregation numbers of the
8mer and the 12mer measured in the SLS experiments. D; and
D, are their diffusion coefficients measured in QLS experi-
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ments. Then, the apparent hydrodynamic radius as a function
of time can be expressed as Ry(t) = kT(cym, + cm,)/
6my(c;m Dy + ¢;m,D,). We have used this equation with the
expressions of ¢, and ¢, given in the previous paragraph to fit
the experimentally measured Ry,(¢) at pH 6.4 and 6.7 (Figure 4)
and obtained the dissociation rate constants for the 8mer: k;™ =
0.07 + 0.02 h™" at pH 6.4 and k;” = 0.06 + 0.02 h™" at pH 6.7
Note that, within the experimental error, the rate constants are
the same at pH 6.4 and pH 6.7.

In SLS measurements, the apparent aggregation number is
the weight-average of that of 8mer and 12mer: m(t) = (¢;m; +
¢ym,) /¢, In Figure S, we show that our SLS data is consistent
with the theoretical curve calculated using the rate constant k;~
=0.07 h™".

The monomer desorption model of the pH-induced
oligomer transformation of Liraglutide is summarized in Figure
9. In this model, the oligomers are in equilibrium with

Figure 9. Scheme of the monomer desorption model for the pH-
induced oligomer transformation of Liraglutide. k;* and k;~ are,
respectively, the monomer adsorption and desorption rate constants
for 8mer. k," and k,” are, respectively, the monomer adsorption and
desorption rate constants for 12mer. The dark circles represent the
protonated peptide at low pH.

monomer, and monomer constantly escapes from or associates
with the oligomers. In Figure 9, we denote the monomer
adsorption and desorption rate constants, respectively, as k,*
and k,” for 8mer and k," and k,” for 12mer.

At pH above 6.9, our experimental results show that the
8mer is the dominant oligomer and that the monomer
concentration is very low. Thus, k;* > k;”. When pH is
lowered to a value below 6.9, the protonation state of the
peptide is changed, and the 12mer becomes more stable than
the 8mer. At a result, the 8mers gradually dissociate and the
12mers are formed.

Importantly, the monomer desorption rate constant is the
same at different pHs. One can hypothesize that the monomer
desorption rate is insensitive to the charges on the peptides and
mainly dependents on the entropic advantage of packing the
hydrophobic lipid chain inside the oligomer. Thus, we can
expect that the value of k;” determined in our experiment is
also a good approximation of the monomer desorption rate
constant in the whole range of pH values around physiological
pH. This rate constant, k;~ = 0.07 h, corresponds to a 10 h
half-life of monomer desorption from the 8mer. With a pH-
insensitive k,”, dissociation of the original 8mers at low pH
suggests a decrease in the adsorption rate constant k;*.

Similarly, we can analyze the kinetics of the reverse
transformation from 12mer to 8mer when pH is raised from
6.4 to 8.1. By fitting the QLS kinetics data for the reverse
transformation (Figure 6), we have obtained the rate constant
k,” = 04 + 0.1 h™', which corresponds to a 2 h halflife of
monomer desorption from the 12mer. Remarkably, the
monomer desorption rate constant of the Liraglutide 12mer
is about five times faster than that of the 8mer. In other words,
the 12mer formed at low pH is a much less stable assembly
than the original 8mer at high pH.

To further our understanding of the structural changes
during the pH-induced transformation of Liraglutide oligomer,
the time-dependent CD spectra (Figure 8) were decomposed
using CDPro software package.”” The changes of the
characteristic structural elements during the transformation
are summarized in Figure 10. Within the first 2 days, the
kinetics of the structural change concurs with the change of
oligomer size observed by QLS and SLS. The structural change
continues for up to 10 days after the size of oligomer reaches
equilibrium. This process can be understood as a slow
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Figure 10. Changes of structural elements at (A) pH 6.4 and (B) pH
6.7 over time at 22 °C. The solid points are the results of
decomposition of CD spectra in Figure 8 using CDPro CONTINLL.
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maturation of the newly formed 12mer to its thermodynami-
cally stable structure. The kinetic CD data suggests that the
two-stage kinetic pattern and its time scale are very similar at
the two different pHs. This result supports the suggestion that
the monomer desorption is the rate limiting step for the
transformation. Indeed, if the other processes involving
interactions of protonated amino acid residues were involved,
one would expect a pH-depending kinetics of the trans-
formation.

The rate of monomer desorption from micelle-like
assemblies is a fundamental property of peptide amphiphiles,
which affects various aspects of the pharmacokinetics of peptide
pharmaceuticals.ls_lg For the soluble peptides, the monomer
desorption rate is mainly controlled by the size and number of
the hydrophobic lipid chains in the assemblies."> In previous
studies, the monomer desorption rate was measured under
different conditions using the fluorescence quenching meth-
0d."*~"7 The desorption rate constant, ranging from seconds to
hundreds of hours, depends on both the properties of peptide
amphiphiles and the solution environments such as temper-
ature, salt, and other excipients in the solution.’®"” In this work,
we have demonstrated that the monomer desorption rate of
Liraglutide at various solution conditions can be measured
through monitoring the kinetics of the pH-induced oligomer
transformations using QLS. As it does not require preparation
of fluorophore-tagged peptides, this approach provides a useful
tool to evaluate the monomer desorption rate of Liraglutide as
well as similar peptide amphiphiles that also exhibit slow pH-
induced oligomer transformation.

B CONCLUSION

In this work, we studied a pH-induced transformation of the
micelle-like oligomer of Liraglutide. Liraglutide is a representa-
tive of incretin-like drugs, a group of peptides that draws
significant interest from the pharmaceutical industry. These
small peptides, like natural hormones, have a very short
circulation lifetime in their naked form, and the lipidation is
one common approach to improve their pharmacokinetic
properties. In this work, we observed that, when pH is lowered
below 6.9, the 8mer of Liraglutide slowly transforms into
12mer. During the transformation from 8mer to 12mer, the
peptide gradually loses its a helix structural elements. This
oligomer transformation is fully reversible upon increasing pH.
The slow and pH-insensitive kinetics of this transformation
suggests that the monomer desorption from the oligomer is the
rate-limiting step of the transformation. The monomer
desorption rate constant was determined by monitoring the
kinetics of the oligomer transformation. The monomer
desorption rate is an important factor that affects the
pharmacokinetics of bioactive peptide amphiphiles. Our study
on Liraglutide oligomerization sheds light on the solution
behavior of lipidated peptides, in particular the GLP-1 agonists.
In the future studies, it is important to investigate other
lipidated incretin peptides to examine the universality of the
pH-induced oligomer transformation. The results of these
studies in conjunction with the pharmacokinetic data would be
invaluable for developing lipidated incretin drugs.
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