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ABSTRACT: Glucagon-like peptide-1 (GLP-1) analogs (GLPA) exist primarily as micelle-
like associations when free in aqueous solution. The results here indicate that anisotropic
electrostatic interactions play a central role in the instability and aggregation, which appear to
arise predominantly from multipole, orientation-dependent electrostatics: net dipole moment
and charge in GLPA affect attraction and repulsion, features not captured by mean-field, v
spherically symmetric approaches. Whereas hydrophobicity drives the micelle formation, ; I o B
electrolyte-dependent aggregation appears to be governed by these electrostatic interactions. : o
Increasing ionic strength screens the Coulomb repulsion between micelles, reducing the o d S
electrostatic stabilization barrier and allowing orientation-dependent multipole attractions to Semaglutide micelle
promote aggregation. This behavior contrasts with globular protein aggregation, typically

dominated by the classical hydrophobic effect. Spectroscopically monitoring forward and reverse dialysis with a custom device,
stability of liraglutide and semaglutide samples was mapped vs electrolyte (NaCl) and denaturant concentrations (guanidinium
chloride, Gdn). Gdn* cation binding to negatively charged amino acids reduces net charge and dramatically destabilizes GLPA. In
contrast, simple cations, such as Na’, merely screen electrostatically, and no binding term is required to explain the data. Aggregation
caused by both NaCl and Gdn* was semi-irreversible. An electrostatic model, based on attractive, screened monopole-dipole,
dipole—dipole, and repulsive monopole-monopole interactions was developed to interpret results. This model may be applicable to
other peptides and biologics with asymmetric and patchy charge distributions, and dipole moments. The work establishes a stability-
testing paradigm that may accelerate development of these biologics, as well as other therapeutic peptides.
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H INTRODUCTION medications for type 2 diabetes, obesity and cardiovascular
disease: Albiglutide, dulaglutide, exenatide, extended-release
exenatide, liraglutide, lixisenatide, semaglutide and tirzepatide
and many more are undergoing clinical development.”

In comparison to the extensive pharmacological character-
ization of GLP-1 analogs (GLPA), the physical chemistry of
GLPA solutions is not as well understood, and the fundamental
physical origins of their instability have not been quantified.

GLPA form oligomeric, micelle-like species due to self-
assembly. The self-association is primarily caused by their
peptide nature and amphiphilic modifications. GLPA mole-
cules in solution are prone to physical instabilities, particularly

plasma. This is partly a result of the action of the enzyme aggregation. Physical aggregation, driven by noncovalent

dipeptidyl-peptidase-4 and GLP-1’s low molecular weight, interactions s.uch as hydrophobic effects, 'electrostatlc for.ces,
. . 2,3 and mechanical stress, can occur during manufacturing,
which accelerates its renal clearance.

The extensive anatomical distribution and range of handling, or storage. Understanding the physical aggregation

physiological roles of GLP-1 suggest its important pharmaco-

Glucagon-like peptidel (GLP-1) is an incretin, a hormone
derived from the gut and released from enteroendocrine L-cells
after food intake, distributed along the entire gastrointestinal
tract, leading to the secretion of insulin from pancreatic § cells
in a nutrient-dependent manner." GLP-1 is also secreted from
a cells in the pancreas and multiple other regions in the central
nervous system. There are two known bioactive forms of this
peptide hormone in the bloodstream: GLP-1-"~*°-NH,, which
is with ca. 80% the more abundant form, and GLP-1-,""%" the
less abundant form with roughly 20%. GLP-1 has a relatively
short half-life of approximately 2—5 min once released into

therapeutic potential. GLP-1 receptor agonist therapies have Received:  March 9, 2026
been used mainly to treat type 2 diabetes mellitus and obesity.* Revised:  July 29, 2026
More recently, new medications, e.g, semaglutide, have Accepted: July 31, 2026

become popular because of their efficacy in reducing body Published: August 10, 2026

weight in obese patients with and without diabetes.” At
present, there are eight GLP-1 receptor agonists approved as
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behavior of this class of peptides is essential for ensuring
product stability, efficacy, and safety.®™"'

The propensity of liraglutide to form fibrils is strongly
dependent on pH.”'” Below pH 8.2, even small changes in pH
result in a marked decrease in stability.” Semaglutide at pH 7.4
is substantially less prone to fibril formation than liraglutide at
pH 7.3—8.2; however, lowerin% the pH to 6.7 also induces
fibril formation by semaglutide.” The anisotropic electrostatic
model below explains why pH should have such a large effect,
in that it significantly controls net charge and dipole moments.

The theoretical isoelectric points (pI) are approximately 4.9
for Liraglutide and 5.4 for Semaglutide. In addition, the pI of
Semaglutide was experimentally determined at pH 5.01, at
which zeta potential crossed zero. Around the pl in the
approximately range of pH 4.0—6.5, larger particles were
detected, indicating reduced solubility, whereas in the range of
pH 3.1—-4.0 and pH > 6.5 semaglutide was fully soluble. The
GLPA sequences contain several ionizable residues, including
Asp and multiple Glu residues, as well as terminal charge
groups and the fatty-acid side chain. Under the alkaline
conditions used in much of the present work, these acidic
groups are expected to be largely deprotonated, contributing to
the net negative charge and dipole moment considered in the
electrostatic model.

The main goal of this work is to quantitatively assess the
instability of GLPA, manifested as aggregation, against ionic
strength (NaCl in this case), denaturant (guanidine-HCI in
this case), and temperature stressors, and to build a
corresponding model to explain the origins of instability. The
use of the cuvette-based dialysis method allows the response of
the GLPA to a continuous concentration change of electrolyte
and denaturant to be monitored. A qualitative overview of
these effects, together with considerations of impurities in
GLPA has recently appeared,'” while another review covers
stability of GLPA under pH, temperature and ionic strength,"*
and in the presence of other oligopeptides.'> Several recent
works examine instability of GLPA leading to colloidal
aggregation.l(”17

The current work investigates instability, not morphology,
and the electrostatic model developed does not assume
spherical symmetry, but rather explores whether orientation-
dependent dipole interactions can account for observed
aggregation behavior. Reducing the model to pointlike dipoles
and net charges renders the model agnostic to the
morphologies of GLPA monomers, micelles, and aggregates.
In addition to interpreting the data trends, the model yields
estimates of GLPA dipole moments, and fractional binding of
the Gdn+ ion to negative amino acids, and associated binding
constants. Of course, finer grained models will take into
account the additional effects of morphology on GLPA
stability. Effects of mechanical stressors should be explored
in subsequent work.

Molecular simulations have shown that anisotropic surface
charge distributions can create orientation-dependent electro-
static attractions between colloids.'® The work here treats
these effects using monopole—dipole and dipole—dipole
interactions. Data show the predicted salt-driven aggregation
thresholds observed in GLP-1 analogs. Furthermore, the role
of anisotropic electrostatics—as opposed to isotropic, mean
field, net-charge based models—has experimental and
theoretical support: Variations in net charge and dipole
moment can strongly influence protein interactions.'”
Permanent and induced dipoles have been shown to cause

attractions between generic colloids with the same net
charge.” Orientation-dependent anisotropic electrostatics for
heterogeneous, patchy charge distributions have been shown
to be a vital extension of the simpler isotropic models.”!
Orientation-selective binding has been shown to be tunable by
modulating ionic strength and pH.22 It was demonstrated,
explicitly for proteins, that patchy, anisotropic charge
distrglgutions strongly influence aggregation and crystalliza-
tion.™

B MATERIALS

R-&D samples of lyophilized semaglutide (SG) and liraglutide
powders (LG) in salt form were donated by Bachem AG. All samples
were shipped in the form of a white powder. SG/LG had the
following characteristics: Purity,% (RP), 95.7/95.5 Purity, % (SEC),
99.9/99.9 Water content, %, 5.7/5.0. All materials (SG, LG1 and
LG2) were used as sodium salts (SG: disodium, LG: trisodium).

Phosphate buffer for LG dissolution was prepared at 10 mM, pH
8.1S using monobasic sodium phosphate (>99%) and dibasic sodium
phosphate (>99%), both obtained from Sigma-Aldrich. SG solutions
were prepared in 18.2 mQ ultrapure water. NaCl (ACS grade) and
guanidine-HCl (98%) (Gdn) were obtained from Fisher Scientific.
pH adjustment of solutions for studies at pH 6.7 and pH 10.0 was
performed by titrating with aliquots of HCI or NaOH to the desired
pH.

B METHODS

Spectroscopic Monitoring during Dialysis

The custom-built dialysis device inserts into a standard 1 cm cuvette,
and can be used without modification on any instrument accepting a
standard 1 cm cuvette. The device has been described elsewhere.**
The current, improved version incorporates a miniature (mm-scale)
ion selective field effect transistor’> (ISFET, Sentron, Leek,
Netherlands) and noncontact stir (“noncontact stir” means the
impeller does not touch any part of the cuvette, unlike, for example, a
magnetic stir bar). In summary, via a dialysis membrane, the device
partitions the contents of the cuvette into Fluid 1, which contains the
biologic or other substance of interest and which is interrogated by
the spectroscopic instrument (SLS and DLS in this work), and Fluid
2, which contains the dialysate. The dialysate in Fluid 2 is
continuously circulated through a closed external reservoir and flow
path. The circulating dialysate can also be monitored externally with
conductivity, pH, or optical sensors. A simplified representation is
given in Scheme 1.

Use of the dialysis device has several advantages: It uses a single
sample, which sweeps through a wide range of excipient
concentrations in a single run, giving more accurate and precise
results, using less sample, and being far less labor-intensive than
mixing individual samples. For those methods that use robots to
prepare multiple discrete samples, this method eliminates the robots.
Also, by mixing discrete samples, instabilities can be missed by lag
times between sample preparation and measurements. In contrast,
since solution behavior is monitored in real-time as it changes, there is
no lag time between a solution condition and the measurement of its
immediate effects. A further advantage is the ability to recover sample
after dialysis. Because the cuvette remains stationary within the light
scattering or other spectroscopic instrument, there are no moving
parts in the optical train, and no alignment, meniscus, shear, or edge
effects that can occur in systems, such as well-plates, that move
multiple samples with respect to the light source and detection
apparatus.

Complementing the dialysis method were temperature ramps (T-
ramps) in both SLS and DLS, as well as time-dependent monitoring
of GLPA behavior under fixed concentrations of NaCl and Gdn, and
at fixed T.

https://doi.org/10.1021/acsomega.6c02639
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Scheme 1. Simplified Drawing of the Spectroscopic Dialysis
Device

Stepper
motor
Impeller
< 3
I N
kel ke)
5 =]
T [
Dialysis cell cap
(]
§ ~g@== Cuvette
L
E
0]
E
ﬁ =sG== Membrane
T
=3
[
ISFET ==
Non-contact
(EC/pH) NN <= stir impeller
Fluid 1

Static and Dynamic Light Scattering (SLS and DLS)

The principal methods used were static and dynamic light scattering
(SLS and DLS). DLS measurements were made on a Brookhaven
Instruments Nanobrook Omni (Holtsville, New York) BI-90, with 4,
= 660 nm and on a BI90-Plus, with 4, = 660 nm. The SLS
measurements were carried out on an 18-sample cell Argen
(Yokogawa Fluence Analytics, Houston, Texas), with 4, = 660 nm.
When an Argen detector saturates, the incident laser intensity is
automatically reduced by one of several neutral density filters with
optical densities 0.5, 1, 2.

SLS sampling was every five seconds. In contrast, in order to avoid
a velocity-dependent term in the autocorrelation function of the
stirred sample using DLS, a relay was used for stop-flow, so that
stirring was stopped during the DLS measurement, and stirred by the
integral noncontact stir impeller between measurements. This gave a
two-minute cycle period between measurements. Early phenomena
during dialysis, such as abrupt peaks in scattering were often missed
by these DLS measurements, but captured by SLS.

In DLS the apparent hydrodynamic radius Ry, from the z-average
self-diffusion coefficient, (D,),, and polydispersity index, PI, were
obtained by standard second order cumulant analysis of the light
scattering electric field autocorrelation function, g,(7), derived from
the measured intensity autocorrelation function g,(7).

(Do), (found at low concentration, or by extrapolation to zero
concentration) from DLS is used to compute the apparent z-average
hydrodynamic radius Ry, starting with the Stokes—Einstein
equation for monodisperse spheres of hydrodynamic radius Ry and
self-diffusion coefficient D,

_ kyT
67nRy (1)

where kg is Boltzmann’s constant, and 7 the solution viscosity. The
dependence of 7 on T is corrected using readily available physical data
from NIST or CRC sources on aqueous NaCl and Gdn solutions.

For polydisperse solutions (D), and Ry, are reciprocally related.
Hence Ry, is actually the reciprocal of the z-average inverse Ry,
which can differ considerably from the true z-average hydrodynamic
radius (Ry),

RH,ap = 1/<1/RH>7. (2)

0

The polygispersity index, PI, from the DLS autocorrelation function
is the ratio of the second moment to the first moment squared of the
cumulant expansion of the logarithm of the electric field
autocorrelation function

_ (D}), = (D)
(Dy). (3)

PI < 0.10 is often considered low polydispersity, 0.10 < PI < 0.25
medium polydispersity, and PI > 0.25 high polydispersity.

The single angle DLS and SLS do not provide any direct
information on the molar mass distribution or size distribution.
Although most DLS software has built-in Laplace transform
procedures for extracting particle size distributions, they deal with
an inherently ill-conditioned transform problem, and these results are
largely considered only qualitative, and not quantitatively reliable. For
this reason, DLS results here are given only in terms of Ry, and PI.
In viewing Laplace transforms of the autocorrelation functions of the
data below, there is frequently a trimodal structure, corresponding
roughly to micelles (<10 nm), the majority of the aggregates (~100
nm) and a very small amount of large scatterer (~1000 nm), perhaps
“dust” or very large aggregates. There is not enough quantitative
certainty in these distributions for further analysis, so data are given
below in terms of Ry, and PI from the cumulant analysis.

Furthermore, the single angle DLS and SLS data provide no
morphological information on the GLPA.”* "> For example, there is
evidence that GLPA contain a certain amount of a—helical
structure,'® and ﬁ—sheets.‘m The SLS and DLS methods are, however,
exquisitely sensitive to changes in molar mass due to aggregation and
dissociation, which is the focus of this work. Additionally, the
pointlike multipole electrostatic model does not require morpho-
logical information.

Monitoring at Fixed [NaCl], [Gdn], and T for Time
Dependent Processes

PI

All methods involving the ramp of some physical parameter (e.g,
temperature, pressure, concentration of a molecule, etc.) can convolve
the time scale of the ramp with the time scale of a sample’s physical
change, if the two time scales are on the same order of magnitude. For
the changes in the physical characteristics to be meaningful as a
function of the ramp parameter, the sample’s time-dependent
processes must be much faster than the ramp rate, so that the system
is instantaneously in equilibrium at each point during the temporal
ramp. Accordingly, when there is evidence of time-dependent effects
on the time scale of the dialysis, complementary time-dependent
measurements were made at fixed [NaCl], [Gdn], and T. This is
especially important in the vicinity of sharp aggregation thresholds
that were encountered in many of the dialysis experiments.

B RESULTS

Equilibrium Characterization of GLPA

Equilibrium SLS data show that the GLPA are associated in
units of 5—8 GLPA monomers. The associations are due to the
hydrophobicity introduced by the long alkyl chains on the
GLPA. These will be termed ‘micelles’ throughout, even
though they are different from surfactant and other micelles
that have critical micelle concentrations. There have been
several studies of the micellization and morphological
properties of GLPA structures.’ >

The equilibrium weight average molar mass, M,,, and second
virial coeflicient A, were determined by static light scattering
(SLS) at 90°. The size of the stable GLPA was around Snm,
which gives a negligible angular dependence for scattering with
Ao = 640 nm and 660 nm.

Figure 1 shows the data for SG, LG, used to compute M,
and A,. The values were determined by measuring scattering
from discrete concentration aliquots, using the 10 mM pH 8.15
buffer for diluting successive aliquots. SG was measured in

https://doi.org/10.1021/acsomega.6c02639
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Figure 1. Determination of M,, and A, at equilibrium for SG and LG.
LG was diluted with 10 mM pH 8.15 buffer. SG was prepared in and
diluted with aqueous 100 mM NaCl

aqueous 100 mM NaCl, used to suppress polyelectrolyte
scattering effects (decreased scattering at low ionic strength).
M,, and A, were determined by the usual procedure of linear
fitting to K./I vs ¢, where c(g/ cm®) is GLPA concentration
and Iy is the measured Rayleigh Scattering Ratio (1/cm, and
calibrated via toluene’s known Rayleigh Ratio), and the angle-
independent expression is
K. 1
— = — + 2A,c
IR Mw (4)
where K is the optical constant defined for vertically polarized

incident light by
_ 47°ng(n/dc)*
ANy (8)

where ny = 1.33 is the aqueous solvent index of refraction, 4, =
660 nm (or 640 nm for the BI-90) is the vacuum wavelength of
the incident laser beam, N, is Avogadro’s number, and the

K

differential index of refraction is 3—: = 0.185 cm?®/ g. Ir was

found from raw light scattering voltage by reference to toluene
scattering of Iy = 1.19 X 1075 cm™ at 660 nm, and I = 1.35 X
107> ecm™! at 640 nm, and T = 25 °C.

Table 1 shows the analyzed SLS results for SLS
determinations from Figure 1. It is noted that the A, term

Table 1. Equilibrium Properties of GLPA Micelles

LG SG in 100 mM NaCl
M,y monomer (g/mol) 3750 41158
M,y micelle (g/mol) 20,400 27,200
A, (em® mol/g?) 0.0025 —0.00042
# monomers in micelle 5-6 7-8

produces a fractional value of the M,, term in eq 4 equal to
2A,M,,c. At 0.00035 g/cm?, the usual concentration for dialysis
and iso-electrolyte monitoring, this amounts to about a 4%
underestimate of M,, for LG, and similarly for SG. Hence,
corrections for A, can be considered second order.

Because DLS does not provide reliable distribution data, it
can be surmised that the scattering is dominated by the GLPA
micelles, whose masses are listed in Table 1, with a likely
subpopulation of monomers that contributes little to the
scattering. The stability and aggregation phenomena moni-
tored are chiefly for the micelles of the GLPA, which are driven
to form because of the long, hydrophobic fatty acid chain
covalently bound to the peptide backbone. These micelles act
as the “basic unit” of GLPA aggregation. Attractive dipole—
dipole and monopole-dipole interactions may also add to the
stability of the micelles, but the hydrophobicity of the fatty acid
chains remains the main driver of micellization.

The data for SG in aqueous 100 mM NaCl suggest there
may be a mass action effect on the micelles; namely as they are
diluted, they lose monomers. Taking I./K_ as a measure of M,
going from 0.010 g/ cm?® to zero concentration 7,800 g/mol of
molar mass are released, very close to two monomers. Dialysis
and other experiments were performed at 0.0030 g/cm® or
0.0035 g/cm?®, which is low enough that mass-action effects
should not be significant, and the basic unit for unstable
aggregation is taken here as the micelles. Alternatively, the SG
behavior may just correspond to a negative A,, as shown in
Table 1, whereby the intermicellar interaction energy
integrated over all mutual orientations is net negative, and
there is no loss of mass upon dilution.

NaCl Dialysis and Iso-[NaCl]

The GLPA are very sensitive to ionic strength and show
nonmonotonic aggregation behavior. Figure 2 shows Ry, and

100 : : 0.3
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Hap
(nm) .
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e ; ?%‘??‘ 0.25
» ned's PI
k¥ oY)
ié .A E
5 e gs ~n
S
w
o
@
pr
Z
25 -
i ,
2.7nm Forward dialysis Reverse dialysis
\ against 2M NaCl against buffer
0® : L 0.1
0 5 10* 110° 1.5 10°

t(s)

Figure 2. PI and Ry, vs time for LG forward dialysis against 2 M

NaCl, and reverse. The LG was at pH 8.15 at a concentration of 0.010
3

g/cm’.

polydispersity, PI, vs time, for dialysis of LG against 2 M NaClL
Ry, starts around Snm, seen in the circled data point, but then
abruptly jumps to above 50 nm, increasing to 150 nm, before
starting to fall back toward 50 nm, and then slowly climbing
again. PI essentially follows the pattern of Ry, increasing
initially and then falling in unison with Ry,, before
monotonically increasing. During reverse dialysis PI is
plateaued, whereas there is a slight increase and then decrease
in Ry, The existence of a maximum and minimum for Ry,
vs [NaCl] is predicted by the electrostatic model, discussed
below.
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Figure 3. (a) M,,/M, for dialysis of SG at 0.0035 g/cm? against NaCl at pH = 6.7. The detector abruptly saturated at 730 mM NaCl, so the values
in the interval 730—840 mM NaCl are interpolated. (b) M,, vs t for SG at 0.0030 g/cm? at discrete [NaCl]. (c) M,/M, for SG dialysis against NaCl
at pH = 6.7 and pH = 10, with SG concentration 0.0035 g/mL. The short horizontal bar at pH 6.7, and the dashed horizontal bar at pH 10
represent the saturation of the scattering photodetector. (d) 0.0035 g/cm® SG at 1.5 M NaCl ramped from pH = 10 to 8.1. The pH threshold is

pH, = 8.6. The inset shows the threshold [NaCl], vs pH, with an exponential fit.

Figure 3a shows massive, transient colloidal aggregation of
SG during dialysis against NaCl at pH = 6.7. M,,/M, is the
normalized, dimensionless mass, where M, is the initial weight
average molar mass and M, is the weight average mass at each
instant. The detector hit saturation at about 700 mM, so the
region from 700 mM to 840 mM is interpolated. Dialysis
experiments under lower laser power showed the existence of
the peak, but did not adequately capture the behavior prior to
and after the peak. There is a linear increase in M,,/M, up until
the threshold. After the peak M,,/M, decreases monotonically

with an elbow at 1100 mM.
Figure 3b shows iso-[NaCl] data for discrete [NaCl]. This

captures the stability of SG below the NaCl threshold for SG,
[NaCl], the instability starting at 750 mM, continuing through
1000 mM up to 4000 mM. However, at 4000 mM the SG went
through an immediate, massive aggregation followed by a rapid
disaggregation to within range of the original SG micelles. The
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samples were prepared by having separate cuvettes with
aqueous NaCl at the desired concentration. Then, an equal
amount of stock semaglutide solution in buffer was introduced
into each cuvette, the cuvette was gently mixed and then
immediately introduced into the Argen for analysis. The delay
between the SG being added to the solutions and the
beginning of monitoring was approximately 5 s.

Figure 3¢ shows M,,/M, for the early portion of SG dialysis
against NaCl at pH = 6.7 and pH = 10, with SG concentration
0.0035 g/cm®. The dialyses were stopped shortly after the
threshold was reached. [NaCl], increases from 683 mM to
3133 mM going from pH 6.7 to 10.0. The higher threshold at
pH = 10.0 is due to increased ionization of acid amino acids
and loss of ionization of basic amino acids. This makes the net
charge on the SG more negative, leading to higher repulsion,
and the dipole moment lower, which provides weakened
attractive potential. The net result is to require more NaCl to
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Figure 4. (a) Scattering intensity (AU) for LG 6 M Gdn, forward and reverse dialysis. Inset shows the total energy vs [Gdn], from electrostatic
model, below. z* = 8, z_ = 20, d = 2 nm, K = 1. Its turning points make the double peak plausible. LG was at pH 8.15 and 0.010 g/cm”. (b) Ry,
and PI for LG 6 M Gdn, forward and reverse dialysis. (c) M,/M, for LG dialysis against Gdn at pH = 8.15 and 10.0, concentration at 0.010 g/cm”.
The green circles show the molar mass aggregation rates (right-hand axis) from (d); dM,,/dt. (d) LG M,, vs ¢, various fixed [Gdn] at pH = 8.15.
Aggregation rates for [Gdn] in range of the dialysis are shown as the large circles in (c). Gdn was at pH = 8.1S and 10.0, concentration at 0.010 g/
cm?®,

screen the higher net charge and to reach the negative dipole GLPA energy U, can have more than one turning points,
potential. This is covered in the electrostatic model, below. yielding the nonmonotonic behavior in Figure 4a,b.

Another means of finding the threshold is to fix [NaCl] and Figure 4b shows Ry, and PI from DLS. Because of the two-
ramp pH downward starting from 10.0, until the threshold is minute DLS cycle time, the early resolution in Figure 4b is not
reached. The measurements were made with the Sentron pH fine enough to see the equivalent spike of Figure 4a, but the
probe directly in the fluid containing SG. Figure 3d shows M,/ immediate jump in Dy,, is seen with respect to the circled

M, for 0.0035 g/cm® SG at 1.5 M NaCl ramped from pH = 10 starting value of Ry;,, = 5.7 nm. PI = 0.1 at the outset, which is
to 8.1. The pH threshold at 1.5 M NaCl is pH, = 8.6. The inset low polydispersity. PI rises in tandem with Ry, to 0.40 on

shows the threshold [NaCl], vs pH, with an exponential fit. forward dialysis, which is very high, and then falls to 0.16,
The latter is an approximate feature of the electrostatic model which is fairly low.
below. Figure 4c shows Gdn dialysis results for LG in the form of

M,,/M, vs [Gdn] at pH 8.15 and 10.0. It was run less time than
the dialysis in Figure 4a, so the secondary peak is not seen. The
Figure 4a,b show the results of LG dialysis against 6 M Gdn, upward displacement of the peaks between pH 8.15, peaked at
forward and reverse, for scattered intensity (Figure 4a) and 530 mM Gdn and pH 10.0, peaked at 1070 mM Gdn, is similar
Ry, and PI (Figure 4b). Figure 4a shows a large spike in to the behavior with NaCl at different pH values in Figure 3c,d.

Gdn Dialysis and Iso-[Gdn]

scattering intensity, which subsides and then produces a It is again due to increased ionization of acid amino acids and
secondary maximum. The inset to Figure 4a is a computation loss of ionization of basic amino acids, making the net charge
from the electrostatic model below, and shows how the inter- on the LG more negative, leading to higher repulsion, and the

49386 https://doi.org/10.1021/acsomega.6c02639

ACS Omega 2026, 11, 49381-49401


https://pubs.acs.org/doi/10.1021/acsomega.6c02639?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.6c02639?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.6c02639?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.6c02639?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.6c02639?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
30 T T . , 1510° T T . T
w
25 +
/1
MW/MO (g/mol)
20 - 7 110°
15 | .
10 | . '
74mM +- 4mM 510 ke e T
5 . 50 mM Gdn
100 mM Gdn
4,000 MM Gdn
0 L L L ~ 6,000 mM Gdn
400 800 1200 1600 2000 0 - 1 . ,
[Gdn] (mM) 0 110° 210° 310° 410°
t(s)
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Figure 6. (a) Equilibrium (stable) and nonequilibrium (unstable) portions of the dialysis of SG vs Gdn. Black circles are from Iso-Gdn
measurements vs time that were stable and constant, while the red ones are from unstable Iso-Gdn measurements vs time, and use red arrows to
indicate the aggregates grow in time. The small black circles are the stable portion of dialysis, while the red ones are in the unstable portion. SG was
at 0.010 g/cm’. (b) A stability regime representation for LG dialyzed against Gdn. The scheme follows (a), except that the dialysis result is

presented as M,,/M,. LG was at 0.010 g/cm’.

dipole moment lower, which provides weakened attractive
potential. The net result is to require more Gdn to screen the
higher net charge and to reach the negative dipole potential

Figure 4c also shows the rates, dM,,/dt, (right-hand y-axis,
data are the large circles) obtained from the initial slopes of M,
vs t for iso-[ Gdn] monitoring at various fixed [Gdn], shown in
Figure 4d. The GLPA are stable from 0—250 mM [Gdn], then
aggregate up to 2000 mM, at a slower rate. By 4000 mM
[Gdn] the GLPA are stable again. It is interesting that the
rates, which are a kinetic phenomenon related to the inter-
GLPA potential energy barrier, overlap with the dialysis results,
which measure instantaneous M, and contain no rate
information.

Figure Sa shows M,,/M, for dialysis of SG at 0.0035 g/cm?
against Gdn. The threshold value of Gdn at the abrupt
threshold is [Gdn], = 74 mM +3.4 mM, averaged over three
separate dialyses. Aggregation was so strong in the peak region
that the laser intensity for the entire dialysis was reduced from
35 mW to 0.35 mW. SG samples with large decreases in
incident laser intensity (controlled by automatically inserted

49387

neutral density filters in the Argen) showed turbidity upon
visual inspection.

Figure Sb supports the dialysis result. All concentrations are
stable, except at 100 mM Gdn, which lies within the unstable
peak region of Figure Sa.

There are abrupt threshold concentrations, [NaCl], and
[Gdn], leading to peak values of M,,, which subside as [NaCl]
and [Gdn] increase. Away from the vicinity of the thresholds
the GLPA are stable, yet have increased M,, showing that,
away from the thresholds, the dialysis is monitoring
equilibrium states reached much faster than the concentration
of dialysate is changing. This assertion is examined more
closely below.

Equilibrium vs Nonequilibrium States during Dialysis

As mentioned above, because dialysis is a ramped method—the
dialysate gradually entering Fluid 1, containing the GLPA—it
is necessary to know whether the light scattering trajectories
traced out during dialysis represent equilibrium states at each
point. This concern also applies to the well-plate paradigm
(e.g, 96 well plates), where it is often assumed that the
contents of each well are in equilibrium when measured.

https://doi.org/10.1021/acsomega.6c02639
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Figure 6a shows the superposition of iso-Gdn data on the
dialysis curve for SG vs [Gdn]. The iso-Gdn data in black
round circles were constant during 24 h runs; i.e., the dialysis
measurements correspond to equilibrium states. However, as
the threshold [Gdn], is approached the iso-Gdn data were not
constant in time, and are shown as red circles with upward
pointing arrows. The arrows indicate that these are non-
equilibrium points, and that M, continues to increase. A
tentative rule of thumb from this is that light scattering
trajectories during dialysis measure true equilibrium states,
except that, at any sharp threshold, or within window of high
aggregation, the measurements do not represent equilibrium
states.

Figure 6b shows a similar stability regime representation for
LG dialyzed against Gd.

Temperature Ramps Up and Down (25 °C—65 °C — 25 °C)

Figure 7a—c show temperature up-ramps from 25 °C to 65 °C,
and the corresponding down ramps from 65 to 25 °C. SG
shows complete reversibility during a complete temperature
ramp cycle, and LG shows near-complete reversibility
Neither the value of dn/dc for proteins nor the index of
refraction of water changes significantly over 25 °C—65 °C, so
the decreases in M,, for SG and LG are real. M,, for surfactant
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micelles, such as anionic SDS (sodium dodecyl sulfate) also
usually decrease with T.*

The contrast in thermal behavior between a globular protein,
a-chymotrypsinogen (ACT), and the GLPA is shown in Figure
7a. The ACT goes through colloidal aggregation, where the
massive, irreversible aggregation quickly drives it off scale. This
illustrates how thermal stress unfolds the ACT, after which the
exposed hydrophobic amino acids lead to the aggregation by
the classical hydrophobic effect, in which bringing the
hydrophobic groups together in an aggregate releases water,
thereby increasing its entropy.

None of the GLPA in Figure 7a—c, on the other hand, go
through thermally induced aggregation. Rather there is a small,
reversible loss of GLPA monomer as T increases for SG and
LG. This strengthens the argument that the hydrophobic
effect, prevalent in globular protein aggregation, is not the
driving force behind GLPA aggregation, and that it is the
attractive effect of monopole-dipole and dipole—dipole
interactions that cause the aggregation. To summarize, the
hydrophobic effect drives the micellization of the GLPA, but
orientation-dependent monopole-dipole and dipole—dipole
interactions control aggregation of the micelles.
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Figure 9. (a) Arrhenius plot for dissociation rates of SG and LG. (b) Arrhenius plot for reassociation rates of SG and LG.

Kinetic Evolution at Fixed T; Initial Loss of Micelle Mass,
Subsequent Gain

As already mentioned, in any ramped method there can be a
convolution of the ramp rate and a process rate, such as
aggregation rate (AR) of the GLPA. This occurs for the three
GLPA here, as all show time-evolution.

Figure 8a,b show M,, vs t for SG and LG, respectively, for a
series of fixed temperatures. All show a rapid initial decrease in
M,, albeit with widely different time scales. The time axis is
logarithmic, so that the rapid initial decrease is visible. The
drop appears to be a lowering of micelle aggregation number, a
feature that SG and LG share. After the initial drop, SG and
LG reassociate approximately to their original value.

When the minimum values of M,/M, are averaged the
average value is [M,/Mo], = 0.785 £ 9%. This is consistent
for SG and LG. This corresponds to roughly 1 GLPA
monomer loss per micelle during this initial period, which can
be viewed as a partial dissociation. In the subsequent period
the samples essentially regain their starting value M,,/M, = 1.
This can be considered reassociation.

Arrhenius Behavior for Dissociation and Reassociation

Figure 9a shows an Arrhenius plot of the absolute values of the
dissociation rates, ABS(DR), where all DR are negative. DR is
the initial slope of M,/M, vs time. The slopes yields
AE,ivation/ R, (where R is the gas constant) which give similar
values; AE, ation = 17.2 kcal/mol + 14%. This value is in line
with reports of computed dissociation energy from surfactant
micelles,”* and is consistent with the classical hydrophobic
theory of micelles.>**°

Figure 9b shows an Arrhenius plot of the reassociation rates.
SG and LG follow Arrhenius behavior, with rates an order of
magnitude slower than the dissociation rates. The average
activation energy for SG and LG is 32.0 kcal/mol, about twice
the dissociation activation energy.

B DISCUSSION: ENERGETIC MODEL FOR
AGGREGATION, ANISOTROPIC ELECTROSTATICS

Modeling the aggregation behavior of the GLPA is complex, if
all factors and subtleties are considered. The data above can
provide grist for computationalists and theorists. Here, the
object is to find a relatively simple, yet plausible model for the
interactions between these peptides. The model is developed
to explain the GLPA stability in terms of dependence on ionic
strength and denaturant concentration. It predicts that the
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ionic-strength dependent instability thresholds should scale as
(Quet/Pet)’, and that lowering Q, via Gdn* adsorption onto
negatively charged amino acids lowers the stability threshold.
Both of these effects are experimentally supported. Q,,, is the
GLPA micelle net charge and p,, the scalar value of its dipole
moment.

The net charges and dipole moments used in the model are
parameters falling within physically plausible ranges. Direct
experimental values for the GLPA micelles are not currently
available.

The Electrostatic Model

The existence of a GLPA dipole moment and net charge
provides a plausible electrostatic mechanism capable of
explaining the observed aggregation trends. The hydrophobic
effect is almost certainly a major contributor to GLPA
micellization through association of the fatty-acid chains.
Hydrogen bonding and 7—r interactions between aromatic
residues may also contribute to GLPA association and
aggregation. The present work does not exclude contributions
from these interactions. However, the pronounced dependence
of aggregation on ionic strength, pH, and guanidinium
concentration suggests that electrostatic interactions play a
major role in determining the colloidal stability of the GLPA
micelles once formed.. Several publications have assessed the
effects of dipole moments on the aggregation of proteins and
colloid. The effects of pH on net charge, dipole and
quadrupole moments, and the orientations of these have
been considered in light of protein data.”’

The data indicate that electrostatic interactions play a major
role in determining GLPA stability, and this allows
fundamental electrostatic equations to be used in the model,
which can be tested with plausible numbers for net charge and
dipole moments, although experimental data for these are
scarce. When stability is dominated by the classic hydrophobic
effect or m—rm stacking, such as in protein and RNA
aggregation,”® respectively, more phenomenological ap-
proaches to describing potentials are needed.

The approach here is as follows: The GLPA have net charge,
away from their isoelectric point; IP = 4.9 for LG and IP ~5.4
for SG. They are polyampholytes with the positive and
negative charge groups each clustering together in “patches” on
the GLPA surface (Lys, Arg, His are the basic amino acids and
Asp and Glu are the acidic amino acids). Clustering of charges
in patches for proteins has been studied.*~*' As such, the
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Scheme 2. Representation of a GLPA Monomer and Its Corresponding Micelle-like Association®

Long-chain fatty acid
leads to micellization

GLPA Monomer

Qnet =Q2'Q1,

egative above IP

Net dipole moment
2Q1Q.d

Q2+ Q4

Pret =

GLPA Micelle

“.q, and g, are the charges on the monomer (left), separated by distance I, and p is the monomer dipole moment. On the micelle (right) the
effective charges -Q, and Q, are not necessarily the monomer values multiplied by the number of monomers in the micelle. The distance between
the effective charges -Q, and Q, is d. The micelle has a net charge Q, and dipole moment p,.. In the micelle the vector sum of dipole moments
does not cancel out. Although the micelle is conceptually bounded by a sphere in the diagram, there is no assumption of spherical or other
morphologies in the model, as it considers morphology-free point charges and point dipoles (See Scheme 3).

GLPA have net charge Q,, a net dipole moment p,, and
quadrupole moment, and higher order poles. This means there
will be repulsive monopole-monopole (m-m) interactions and,
under certain alignments, attractive monopole-dipole (m-d),
dipole—dipole (d-d), and lesser terms involving monopole-
quadrupole (m-q), and other weak, short-range multipolar
interactions. Additionally, there can be attractive H-bonds,
hydrophobic effects, and 7—7 stacking between aromatic side
groups (Trp, Phe, Tyr). Scheme 2 is a representation of a
GLPA monomer, micelle, net charge, and dipole moment.

This treatment is “morphology-agnostic”, in that whether
the GLPA entity is in monomeric, micellar, or aggregate form,
it is sufficient for there to be a net charge Q,., and a net dipole
moment P, for the model to be applicable, since Q. and P,
are treated as pointlike. Hence, in the following “GLPA” can
refer to any of these entities. However, the net charge
distribution, dipole moment and distances involved will,
nonetheless, define these parameters, and hence the
quantitative particulars of each morphological case.

The model considers the interaction between Q.. and P,
on one GLPA entity with Q,, and p,,, on another, at a distance
r between centers. At 0.0035 g/mL the 27,200 g/mol SG
tetrameric micelles (see Table 1) are on average a distance
(d)~24nm apart, and the LG roughly the same. This estimate
is simply based on the number density of particles, n
(particles/cm?®)

(dy=1/n""?
where
n = Ny(1/mol)c(g/cm?) /M, (g/mol)

Qualitatively, Q. between two GLPAs gives a net repulsion
which stabilizes the GLPAs against aggregation. The dipole on
one interacts with both Q.. and p,. on the other. As ionic
strength [I], increases the electrostatic shielding allows the two
GLPAs to move closer together. At some point, they move
close enough that charges on one GLPA are attracted to the
opposite sign charges on the other GLPA. This lowers the
repulsive m-m barrier, and is formalized as the attractive m-d
and d-d terms that come into play. When the barrier is reduced
to a few units of kg7, aggregation can occur.

The actual processes involved in a diffusion-controlled
encounter of two GLPAs is quite complex: At long distances,
electrostatic potentials are essentially screened out by any

added electrolyte, and the individual GLPA translationally and
rotationally diffuse without influence from each other, at these
concentrations. As the approach gets closer there begins
monopole-monopole repulsion, while the electric field of one
starts to apply torque to the dipole of the other, a monopole-
dipole effect, and vice versa, allowing attraction to also come
into play. At close approach the GLPAs face a Coulomb barrier
which prevents their aggregation. The dipoles also begin to
orient head-to-tail with each other, creating attraction. The
alignment is an asymptotic (Langevin) process; i.e., thermal
energy keeps them from perfect alignment. If the Coulomb
barrier is only a few kT in height the GLPAs can thermally
surmount the barrier and noncovalently “bind” to each other,
that is, aggregate, if there is a net negative potential energy
well.

Considerations on Monomer and Micelle Charge and
Dipole Moments

Scheme 2 is an electrostatic representation of the monomer
charges -q; and g, on a GLPA monomer (left). The charges are
separated by distance ! and the monomer has dipole moment
p. The dipole arises from asymmetric clustering of charged
residues along the peptide backbone and incomplete
cancellation of monomer dipoles within GLPA micelles. -Q,
and Q, are the effective charges on the micelle (right),
separated by distance d, and its net charge is Q.. Also shown
is the net dipole moment g, on the GLPA, which is the vector
sum of each individual dipole, but much less than the scalar
sum of the monomer dipole moments, as discussed below.

There have been detailed morphological studies of the
micelles with electron microscopy, small-angle X-ray scattering
(SAXS), circular dichroism, size exclusion chromatography
(SEC), and other methods.””~*" However, in the current
model, morphology is not a central concern; the only issues of
conceptual importance are that the GLPA have positive and
negative charges, with a net charge Q. and a net dipole
moment p,.. The analysis holds for GLPA monomer, micelles,
and larger structures.

Importantly, in a GLPA micelle the dipole moments do not
cancel out, as could happen in a tightly constrained, idealized
situation of a collection of dipoles bound together without any
steric or geometrical constraints, and no thermal fluctuations.
In spherical geometry with no net charge, the dipoles would be
arranged radially (tilt angle = 0) and cancel each other out.
With a large enough net charge on each monomer, the dipoles
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in the micelle will be tangential to the surface (tilt angle 90°),
and also cancel. The dipoles would have tilt angles
intermediate between 0 and 90° for lesser net charge on
each monomer. Because of steric and geometrical constraints,
as well as thermal fluctuations, however, the dipoles will not
cancel out completely and there will be a net dipole moment
Prey as shown in the micelle in Scheme 2. p,, will be less than
the scalar sum of all the individual monomer dipoles in the
micelle, but can still be quite large; e.g., on the order of a single
monomer dipole in a small micelle (e.g, octameric). For
example, a single monomer with Iq;| = Ig,l = 2, and d = 2 nm
corresponds to p~200 D (1 D = 3.34 X 107*°C-m).

The consistency between GLPA aggregation behavior and
the model positing the predominance of monopole-dipole and
dipole—dipole attraction offers prima facie evidence that the
GLPA aggregation behavior is consistent with the presence of a
dipole moment, and that monomeric dipoles in the micelle do
not cancel out. This does not mean that there is necessarily a
fixed, permanent dipole moment associated with the GLPA
micelles, as they could be fluctuating, transient, induced, or due
to some other spatial charge asymmetry.

Electrostatic Potential and Interaction Energy in an
Electrostatically Screened Environment

The total interaction energy U(r) between two GLPA, GLPA-
A and GLPA-B is the sum of monopole-monopole (m-m),
monopole-dipole (m-d), and dipole—dipole (d-d) interactions,
as well as higher terms (e.g,, monopole-quadrupole), that is

U(r) = Up_m(r) + Uy_a(r) + Up_y(r)
+ Uhigher order terms(r) (6)

If U(r) is negative over some regime of r, then two GLPAs
can bind together to form a bound state (i.e., an “aggregate”),
if they reach that regime. If U,(r) is positive over all r, then two
GLPAs cannot form a bound state. Hence, U/(r,) = 0 is the
condition for forming a bound state if r; is reached and leads to
a regime where U,(r) is negative. The height of the Coulomb
barrier is the activation energy U%, which controls the
aggregation rate, usually in an Arrhenius fashion. In principle,
U,(r) and U* are conceptually different; U,(r) controls whether
a bound state exists and how tightly bound it is, whereas U*
controls the rate of aggregation. However, the two terms are
actually related because both terms are affected by the
interplay of the positive U, and negative U, 4 and Ugq
terms. Once U* is reduced to a few units of kzT, then the
GLPAs can thermally surmount the barrier. The overlap of the
dialysis data and aggregation rate data in Figure 4c shows how
the barrier height (U%) and the well (U,(r)), both electrostatic
in origin, can be affected in unison by added electrolyte.

The simplest approximation for considering these monopole
and dipole interactions is to reduce the GLPA in Scheme 2 to a
net point charge Q,., and net point dipole p, at the origin at a
distance r from the second GLPA, which is portrayed in
Scheme 3, along with the relevant angles. The electrostatic
potential at distance r from a single charge of Q. for this
arrangement is given in eq 7. The total electrostatic potential
V(r) for this charge can be represented with the multipole
expansion, including the electrostatic shielding given by the
Debye parameter k,"** given in eq 8. In MKSA units the
multipole expansion is

Scheme 3. Reduction of the GLPA Micelle in Scheme 2 to a
Point Charge and Point Dipole”

Pret.a
Prets
Preta
i
T
Qnet 4 P :.anl,B
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“The scheme shows the geometry for two GLPAs, A and B, showing
the net charges, the dipoles, the separation r, the unit direction vector
7, the angles 6, and 65, and, separately, ¢ the angle between the two
dipoles.
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where the first term on the right-hand side is the monopole
potential, the second term is the dipole potential, the third is
the quadrupole term, where T is the quadrupole tensor, and
the last term is for octupole and higher terms. 7 is the radial
unit vector, pointing outward from the point charge. In
general, there are nonzero quadrupole and higher moments.
Here, the expansion will be cut off above the dipole term, the
quadrupole term being usually, but not always negligible
compared to the monopole and dipole terms. Some studies
have delved into protein quadrupole and higher moments.””*”

The Debye screening parameter is given, for a monovalent
electrolyte, (in MKSA units) by

1/2
-

ek T (8)
where p, is the bulk charge density (C/m®) of added
electrolyte, Gdn or NaCl (both monovalent) in this work
(po is the charge density of positive charge, which is equal and
opposite in sign to the negative charge density that reflects
electroneutrality in the simple bulk electrolyte solution), e is
the elementary charge, z is the valence for symmetric
electrolytes (z = 1 for Gdn and NaCl), ¢ = ¢,Di, where ¢, =
8.85 X 107'* C*/N-m’ is the permittivity of free space and Di
is the dielectric constant of the solution (~80 for H,O at
STP), ky is Boltzmann’s constant (1.38 X 107 J/K), and T is
the temperature in Kelvin. Note that x is very weakly
dependent on T near 25 °C; it decreases only 8% from 25—
75 °C. Expressing k in the more general form using ionic
strength [I] (mol/L), for any valence and symmetry/
asymmetry of the electrolyte

Vi(r) =

2000N, ¢2
kP = 21
ekyT (92)

where

1
[I](M) = - [X],‘Ziz
2 Z (9b)
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where [X]; is the molar concentration of ion species i, and z; is
its valence. [Gdn] and [NaCl], being monovalent, are used for
[1] in their respective cases.

It is convenient to give a rapidly calculable estimate of the
Debye screening length ™' at 25 °C.

0.304
VI(M) (9¢)

The total electrostatic energy U(r), at any given set of
orientations of the dipoles with respect to the unit vector 7 in
Scheme 3, and to each other, ¢, is given by
Qnet,AQnet,B e (1 + Kr)e_”

4re r 4rer®

[Qnet, (ﬁletB‘?) + Qnet, (E;et,A.?)]

—Kr

K_l(nm) I~

U =

472_ [(1 + Kr)petA netB

— (3 + 3kr + (Kr)z)(f?;et'A-?)(ﬁlet'B-?)] (10)

where the first term on the left is U,_,(r), the second is
U,,_a(r), and the third is U;_4(r). 7 is the unit vector shown in
Scheme 3. ?’netAi;net, = Pueta Pnetp €0S @. The monopole-
quadrupole energy U, 4 is not included, but it may reach near
the order of magnitude of Uy 4 under certain conditions such
as close approach and near the isoelectric point.

Equation 10 is highly dependent on the dipoles’
orientations, ¢, and 65, with respect to 7, and to each other,
¢. Above the GLPA isoelectric point, both Q4 and QnetB are
negative so let Quepa = Ques = Quer Then, (pnetB P+ PregaT)
must be negative in order for the second term, which
diminishes as 1/7%, to be attractive. The third term, Uy,
which is much shorter range and diminishes as 1/ 7, will be
negative as long as

(1 + Kr)petA netB
— <0
G+ 30 + )y DBy ) (112)

In order for a bound state to exist (U, < 0), the first term
must be less than the sum of the second and third terms, and
the range of r for which this holds defines the distance limits of
the negative potential energy well.

As mentioned above, there are several factors affecting
orientation as the micelles approach each other, so that eq 10
at any instant involves different average orientations in the
scalar (dot) product terms as a function of r; ie., (Poee?) =
<Enet';’>(7’); (PoetPret) = (PretPrer) (7). It is best left to a more
detailed, computational or simulation analysis to understand
how the orientations, and eq 10, change as a function of r. In
light of this complication, no attempt is made here to give a
general approximation to the r-dependence of U,(r).

When the GLPA are far apart the orientations are thermally
randomized. As they approach each other more closely,
however, the oppositely charged patches, which constitute
Pret Will minimize their energy when the positive and negative
patches attract each other maximally, which occurs when P4
and P, are aligned head-to-tail, and both are antiparallel to 7
(0 = 180°), that is

A

Elet,A = _pnet,A’ R)et,B = _pnet,B (llb)

Hiet,A R1et,B - net Apnet B (llc)

While this condition is only asymptotically approached, as
per the Langevin equation, it becomes better the closer the
GLPA get to each other. Outside, however, where dipoles are
weakly aligned, eq 10 with this condition will overestimate the
attraction and hence underestimate the U,(r) and U*. Another
point favoring increasing, Langevin-like alignment of dipoles as
GLPA approach each other, is that computations show (not
reproduced here) that the time for a dipole to orient in a
plausible E-field due to a GLPA molecule of 8.3 X 10* V/cm at
4 nm away, dipole moment of 100 D, and net charge 10e,
orients in a time over an order of magnitude less than the time
it takes for rotational diffusion to dis-align approaching dipoles.

Since the GLPA are presumed identical in Q. and p,,,
Quetr = Quets = Quey Prera = p_(netB)=p_net. With these
simplifications, and the conditions in eqs 11b,11c for minimum
energy, U/(r) in eq 10 becomes

ek Qjet ~ 2|Qnetll‘§,et(l + «r)

4re| r r

U(r) =

> [(kr)* + 2kr + 2]

3
r (12)

net

The first term in the bracket, Qe i positive, repulsive and

long-range, whereas the second (m d) and third (d-d) terms
are negative and attractive, and drop off much more rapidly
than U, .. The use of absolute value |Q,| guarantees the U, _4
term is negative in this orientation.

Condition at Which a Bound Aggregate State Exists;
Uq(ry)=0

The model now focuses on whether a bound (aggregate) state
exists under varying ionic strength and pH, while a kinetic
study involving U* is left to separate work. The condition for
U/(r,) = 0 can be found analytically from eq 12.

Qnetro 2|Qnet|pnet(1 + Kro)ro P (Kro) + 2kry + 2]

=0 (13)

where r, is the interparticle distance at which U/(r)=0. This
quadratic can be solved for r, in terms of |Q,., pnev and .
However, the interest here is to find at what threshold ionic
strength, [1], U,([1]) = 0, so r, is not of direct interest. Hence,
a scaling level condition is used for aggregation, considering it
reached when r; is equal to the threshold screening length 1/x,.
This heuristic takes the characteristic length of the system as
the scale for the U,(r,)=0 condition, and is predictive of trends,
not exaxt. It also permits an analytical solution, and turns eq 13
into

2 4 lQ—netl Q—jet

ki 4+ ———Kk,——— =0

2
S pnet 5pne'c (14)
The positive (physical) root to eq 14 is
lQnetl
K= ——
e (152)

This is the close approach value. When the particles are
farther apart there is little dipole alignment so the attractive
term is less, and can even be repulsive. The maximum repulsive
term is when 6 = 0°. When this is substituted into eq 10, and
the analogous quadratic equation from eq 10 is solved
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Figure 10. (a) Contrast of thresholds [Gdn], and [NaCl], for SG. [Gdn], < [NaCl], because of the partial neutralization of negative charge by
Gdn adsorption onto deprotonated acidic amino acids. The horizontal bars are the saturation of the scattering photodetector. SG was at 0.010 g/
cm®. (b) Contrast of peak values I:Gdn]P and |:N;:1C1:|P for LG at pH = 8.15. The trends for Gdn and NaCl are similar to those in (a), but the values

are quite different. LG was at 0.010 g/ cm’.

lQ—netl
Pret (15b)

K, =

Using egs 8 and 9a (for monovalent salt), eqs 15a and 15b
can be expressed in terms of the threshold ionic strength, [I],
at U(r,) = 0, using the micelle’s net number of elementary
charges z, and its net dipole’s number n,, of Debyes (D),
where 1D = 3.34 X 107 C-m.

2

[1,(M) = 3.81 x 107 Lot |, 8.7 inside the well

p net
2
[ Zaer ]
nnet

(16a)
whereas
2
[1,(M) ~ 214[ﬁ] near the well, outside
net (16b)
where
Q—net = znete (178.)
Pt = MnetD (17b)

where n, is the number of Debyes in the dipole moment. In

2
both limits the power law is the same, (:“e‘) , whereas the

prefactor varies between the limits by a factor of 25.

Plausible values for Q;, Q,, and p,., using eq 16b, are
discussed below, which can account for threshold concen-
trations of electrolyte, [I], ([NaCl], and [Gdn],). (Q; and Q,
are always represented as positive numbers here. -Q, indicates
that the negative patch corresponding to Q, is negative. Q.
can be positive of negative, but is always negative above the
GLPA isoelectric point). Data in Figures 3a,c,d, Sa, and 6a
show sharp aggregation thresholds, whereas Figures 4a and 6b
show peaks, rather than sharp thresholds. In the latter case, the
value of [I] at the peak maximum is taken to correspond to the
U(rp)=0 conditions, and is designated by [I],.
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These considerations are for dimerization of micelles when
their thermal energy surpasses the Coulomb barrier. The
details of aggregation between initial dimers and monomers of
micelles and other dimers may depend on the structure of the
aggregates. The dimerization criteria here provide a basis for
the initial aggregation, which can become massive colloidal
aggregation in some instances; Figures 3a,c,d, 4a, and Sa.

Summary of the Assumptions in the Electrostatic Model

i. The GLPA are treated as pointlike objects with net
charge Q. and dipole moment p,, so that the
electrostatic potential is the sum of monopole and
dipole terms. Quadrupoles and higher moments are
neglected. The interactions between two GLPA are then
m-m, m-d, and d-d, where the first is repulsive and the
next two are attractive under favorable orientations. This
approach is independent of GLPA morphology,
although the particulars of each morphological case—
charge distribution, dipole moment and approach
distances—will quantitatively affect the values of these
parameters.

ii. The criterion of U,(r,) = 0, separating bound and
unbound states was used for determining the onset of
aggregation, heuristically approximated to occur when 1,
reaches the threshold Debye length; i.e., when ry=1/x,.
The threshold ionic strength [I],, or the ionic strength at
peak at which this occurs is then found from this .

iii. Inclusion of the quadrupole moment term -representing
higher-order anisotropic interactions- would, under
favorable alignment, further increase binding among
the micelles, but these secondary effects are not central
to the current analysis, and quadrupole and higher
moment effects are treated as negligible.

Consideration of Hydrophobic and other Attractive Effects

While the electrostatic model, via the U,_4 and Uy, terms,
captures the principal trends in the aggregation experiments,
there are other attractive effects that can enhance the
aggregation. These include H-bonds, 7—7 stacking (quantum
mechanical), and the classical hydrophobic effect (entropy
increase of displaced water). Interestingly, the latter is the chief
mechanism driving aggregation of unfolded globular proteins,
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Table 2. Estimates of f and K,, for SG at pH 6.7, 8.6, 10.0, and LG at pH 8.15 and 10.0?

[Gdn];

pH (M) [NaClL (M) B= |8 Qe Quule
Semaglutide
(SG

6.7 0.078 0.68 0.338 4.97 3.12
8.6 NA 1.50 NA 5.03 2.20
10 >6.0 3.13 <0.5 S5.44 2.00

[Gdn], [NaCl], (M) Liraglutide (LG)
8.15 0.52 2.78 0.432 5.00 1.42
100 105 >1.6 0.81 (max value) 540 101

Qnet,HH/ € 1 Pmonomer (D) (f =1) eq

(f= 1) f Kap (M) 38 1Z et/ Metl
—1.85 0.536 4.54 115.3 0.016
—2.83 NA 64.1 0.044
—3.44 NA S51.5 0.066
—3.58 0.545 10.7 30.1 0.119
—4.39 0.82 (max)  2.74 (min) 15.2 0.289

“Quun/e and Q, yy/e are the Monomer Values from Application of the Henderson-Hasselbach Equation Based on pK.’s of Free Amino Acids.
YFor the GLPA monomer dipole moment, d ~ 1.0 nm. p/D is the monomer dipole moment in D.

and electrostatic and z—x interactions are secondary. The
GLPA micelles do not resemble globular proteins and do not
unfold and aggregate the way most globular proteins do. Figure
7a explicitly shows no thermally induced aggregation, in
contrast to the globular protein a—chymotrypsinogen.

In RNA, n—r stacking is found to be the principal driver of
aggregation,”” which is due to the high density of z-bonds in
their heteroaromatic purine and pyrimidine rings. In contrast,
the GLPA only have a few aromatic amino acids; Phe, Tyr, and
Trp. The sharp ionic strength thresholds and pH-dependent
shifts in aggregation behavior are electrostatic signatures, not
those of 7— stacking.

H-bonds can occur between amino acids. However, H-
bonds are very short-range, around 0.1-0.3 nm, so do not
contribute as much as the overall longer range electrostatic
effects.

Taken together, classical hydrophobicity, H-bonds and 7—x
stacking should help stabilize the aggregates, once formed, but
the formation of aggregates from micelles is due primarily to
electrostatic interactions.

Net Charge Reduction due to Binding of Gdn* on Acidic
Amino Acids in OP

Figure 10a shows that the aggregation threshold for Gdn, at
0.074M, is far less than the 0.670 M threshold for NaCl. This
results because the cationic species of Gdn, Gdn* (used to
represent the guanidinium cation), has its charge delocalized
over its planar structure. If ionic strength were the only
relevant effect on aggregation at these relatively low
concentrations of Gdn and NaCl, the dialysis aggregation
data should be close to each other. The fact that the Gdn
threshold is an order of magnitude lower than that of NaCl
strongly suggests a charge neutralization effect is in play. This
mechanism is different from the chaotropic ability of Gdn to
disrupt H-bonds and hydrophobic associations, which
normally requires [Gdn]>1M. The charge neutralizations
occur at [Gdn]<1M.

There is extensive evidence that, due to its planar nature and
delocalized positive charge, Gdn" can bind to groups with
COO™~ moieties.*®* This means that Gdn*, even at low
concentration, can bind to negatively charged amino acids,
effectively canceling their charge. This is a major effect because
the stabilizing monopole-monopole repulsive interaction is
proportional to the net charge squared; Q,.>. Hence, anything
that can lower this charge directly will powerfully affect
aggregation, making it occur at much lower ionic strength than
mere electrostatic screening due to ionic strength. At the same
time, however, lowering Q. can also lower the attractive U, 4
term as well as the Uy 4 term, since p,., depends on Q,, and
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how it is composed of Q;, which is the negative GLPA patch,
and Q, the positive patch.
Consider

Q.=Q-Q=cz"-f) (18)

where z" and 2z~ are the number of positive and negative
elementary charges on the GLPA micelles, respectively, at a
given pH; z = Q/e. Both z" and 2™ are positive. f is the fraction
of original negative charges left after Gdn" binds to negative
amino acids, which depends on [Gdn].

As far as finding f, an approximation is to use the Langmuir
binding isotherm, which gives the fraction of negative binding
sites on the GLPA which are bound to Gdn*, which is (1-f),

and has the form

K, [Gd]
(1-f)= T
1+ Kap[Gd]

(19a)
where, because Gdn-HCl is monovalent and fully dissolved, or

1

/= 13K, Gan)

(19b)

where K., is the effective, phenomenological equilibrium
binding constant. K, depends on pH because more acid amino
acids deprotonate as pH increases, giving more binding sites,
and increasing K, [I] can influence K,, because it can affect
amino acid pK.’s, but the pH effect is larger.

Figure 10a for SG shows the charge neutralization effect
leads to the dramatic difference in [I], between [Gdn],=0.074
M and [NaCl],=0.670M; nearly a factor of 10. The net charge
and dipole moment of the GLPA does not change as [NaCl]
increases (f = 1), there is just net charge and dipole screening.
In the charge neutralization caused by Gdn" binding, both the
net charge and dipole weaken. This rapidly lowers the repulsive
U,.m while the dipole also weakens, the net effect being to
require less [Gdn] than [NaCl] at the aggregation threshold.

Figure 10b shows the charge neutralization effect for LG in
the buffer at pH 8.15. The peak ionic strengths [I], for Gdn
and NaCl are again well separated, but occur at significantly
higher values than for SG in Figure 10a; [Gdn], = 520 mM
and [NaCl], = 2700 mM.

The behavior in Table 2 shows that, for SG, as pH increases
from 6.7 to 10.0 [NaCl], is a factor of 4X greater, whereas
[Gdn], is unmeasurably high, [Gdn], > 6M. GLPA has a higher
negative charge at pH = 10.0 and correspondingly lower dipole
moment, neither of which substantially change with increasing
NaCl. Screening increases with NaCl, and more is needed to
overcome U, .. In contrast, when dialysis with Gdn is done at
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pH = 10.0 both the net charge and dipole moment decrease, as
increasing Gdn lowers the net charge but also rapidly
diminishes the dipole, such that the net attractive terms U, 4
and Uy 4 decrease in strength, and since these latter are the
driving force for aggregation, no aggregation occurs, at least up
to 6M. This case shows how both Gdn® binding and
increasingly ionized acidic amino acids at higher pH can
combine to weaken the SG dipole enough to completely avoid
aggregation under Gdn.

There is no evidence that simple cations, such as Na+, bind
specifically to the protein surface. Rather, they form a
nondirectional, nonbound, diffuse cloud of electrostatic
shielding.

Computation of p: Charge-Magnitude Weighted Origin
(CMWO) Position for p

Because Q, # 0, except at the isoelectric point, p is dependent
on where the origin of the coordinate system is chosen; it is a
gauge choice, so there are several options. In order to reduce
the dependence on an arbitrary origin, the charge-magnitude-
weighted-origin (CMWO) will be used, which will be
important for Q. # 0; i.e, for all the pH’s of interest. Its
virtue is that it avoids overweighting a large charge compared
to a much smaller charge if the geometric origin is chosen,
while capturing the proper limits for Q = 0, and for Q; = Q..
(Again, Q; and Q, are the absolute magnitudes of the charges.
Q, is consistently treated as the negative charge, and so appears
as -Q, in equations where the sign is vital).

Scheme 4 shows the representation of an SG micelle as
positive charge Q, and negative charge, -Q,, whose effective

Scheme 4. Charge-Magnitude-Weighted-Origin Gauge
Geometry for a Single SG or SG Micelle, Representing the
Negative Patch by -Q, and the Positive uPatch by Q,”

. CMWO
o

—

—>
p ds

4,

v
QZ

“Q, and Q, are Both Positive.

charge is —fQ,, where f is the fractional number of negative
amino acids not neutralized due to Gdn* binding. At a given
pH Q, and Q, are constant. The distance between the negative
and positive charge patches is d, assumed constant, and the
CMWO is defined by the condition

—fQd; + Qd, =0 (20)

where d; and d, are the distances of Q, and Q, from the
CMWO, respectively, and d = d; + d,. With this

p=1Qd + Qyd, (21)

where
i, =
Q, (22)
which leads to
- M
(R, +Q,) (23)
and
Q. =Q —fQ (24)

Equation 23 captures the limits (i) p = 0 when f = 0 (no net
negative charge. Compare this to the geometrical center value
of p = Q,d/2), and (ii) p = Qd when Q; = Q, = Q, f= 1 (agrees

with geometrical center value)

Letting
Q
a=—
Q, (25)
gives single-charge (Q,) expressions for Q. and p
Q.= Q1 —af) (26a)
2a0fQ,
P
(1 + af) (26b)

The ratio of p for the CMWO, pcywo and the geometrical
center origin (d/2) pgc is

pCMWO _ 4a

pGC (1 + a)2 (26C)

For which this ratio is in pairs (a, %); e.g, (0.1, 0.18),

GC
(0.5, 0.89), (2,0.89), (4,0.64), (10,0.33)

This shows that the, pcywo is close to pgc when Q; and Q,
are not far apart, but p is significantly modulated downward
when they differ significantly. Equation 26c¢ is also symmetric
under @ — 1/a, so that over- or under-charging modulates p
downward equally.

Linking p and Q, via eqs 23 and 24 gives

Qo _ U -FQ
p 2fQ,Q,d (272)
For NaCl, f = 1, reduces eq 27a to

Q—net — Q'Z2 B le

p 2Q,Q,4 (27b)
and eq 27a can be written
Qnet _ 1 - a2f2
p 2afd (27¢)

Referring to eqs 16a,16b, the prefactors cancel upon taking

z

2
the ratio of [I], for Gdn/NaCl, leaving the scaling law, ( nnﬂ)

The ratio B, of the square roots of the experimentally
determined ionic strength thresholds [Gdn], and [NaCl],
can be directly related to this scaling law, such that
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(%)
[Gdl, N\ P iga,

"J[Nacm (gﬂ)
[NaClJ,

P (28a)
In terms of f
1- ozzf2
Cfa-a) (28b)

Note that if Q, = Q, = Q — i.e,, at the isoelectric point of the
GLPA-- then Q,. = 0 for the GLPA in NaCl, since f = 1. In this
case there is no repulsive term, but there is an attractive dipole
moment term, since p = Qd in this case. Hence [I];y,c=0,
indicating that the system will spontaneously aggregate when
Q;=Q; and f = 1, even with no added electrolyte, assuming
there are no steric or other effects creating a residual energy
barrier. On the other hand, for Q; = Q, and the GLPA in Gdn,
f<1,and so Q¢ # 0. Thus, there is a finite, nonzero [I], gy
and so B in eq 28b diverges to infinity. This divergence is quite

. . [1); Ga #0
physical, since Mo = 0
t,NaCl
Using eq 28b with f for Gdn and f = 1 for NaCl leads to the

quadratic equation
A +BA-a’)f-1=0 (29a)

with solution

_ B(a®— 1) + {B*(1 — a?)? + 4a’
/= 2a° (29b)

where B is the \/ [Gdl,
[NaCl],

estimating a are next.

Absence of Experimental Data on SG Charge vs pH. Use of
Computed Values

term in eq 28a. Considerations on

In order to take advantage of the above development it is
necessary to know Q; and Q, vs pH, as well as d and K,
Unfortunately, the authors could find no reference giving
experimental data for either net charge or number of positive
and negative charges vs pH for GLPA micelles. Hence, while
the above approximate model is quantitative, within the stated
approximations, the values of Q;, Q, K, and d can only be
estimated at this time.

As a starting point, computations of Q, and Q, were made
by simply using the Henderson—Hasselbach equations (HH)
for the specified amino acid sequences in semaglutide and
liraglutide. This approach is rudimentary in that it does not
take into account how the effective pK.s of the acid/base
groups in a polymer shift with respect to their value for isolated
acids/bases,”" ™ including very large pK, shifts for amino
acids in different proteins.” These values are shown for the SG
and LG monomers in the Q,yp/e and Q,py/e (Henderson-
Hasselbach) columns of Table 2. SG has a lysine that remains
protonated, giving it more positive charge at any pH than LG,
because the lysine on LG is capped by the fatty acid chain and
has no positive charge. This simple difference leads to
substantial differences in dipole moment and aggregation
behavior. This is seen in Table 2 where LG requires more
NaCl (and Gdn) for aggregation than SG.

Recently, the effects of pH and various electrolytes on
semaglutide aggregation, size distributions and zeta potential
have been published, along with their effects on filtration.>*

Estimation of f, K,;,, and py,onomer from [Gdn],, [NaCl],, and
Qi and Q,/uy

Using the HH values for charge, the model allows estimation
of the monomer dipole moment p.omer and the fraction, f, of
Gdn" bound to the negative amino acids, and associated
apparent binding constants K. Table 2 shows fand K,, for SG
at three pH’s and LG at two pH’s. @ (=Q, y11/ Qo 1q11) is used in
eq 29b to obtain f. With f thus found, K, is obtained from eq
19b. Notice that the use of @ means that Q; and Q, apply
equally to a monomer with these charges, and to a micelle or
aggregate with any other pair of Q; and Q,. Again, Q; and Q,
for the monomers are not experimentally known, and rely on
the free amino acid pK,’s. How Q; and Q, in the micelle are
related to the monomeric values is unknown, as is also the net
dipole moment of a micelle built from monomer dipoles p.
While f and K, depend only on @ and the experimentally
measured B, the values of Q, and p,. depend on Q, (or on Q,
if the reciprocal of « is used)

Q.= Q1 —af) (30)

and the monomeric dipole moments in Table 2 are computed
by

_ 2faQd
Cl+of (31)

pmonomer

with f = 1 and d~1 nm was used as a plausible estimate. The
estimates of p,onomer i Table 2 range from 115 D down to 15
D. For reference, the permanent dipole moment of water is
1.85D, whereas those of globular proteins can exceed 1000 D.
The net dipole moment of the micelle cannot easily be
deduced from the data. The ratio of the U, , term (~Q,.) to
the sum of the U4 and Uy 4 in eq 10 depends on the values of
r and k chosen and the multiples of ponomer assumed to
constitute the net micelle dipole moment p,,.; (.2, 8Pmonomer)-

While the values of pyonomer in Table 2 are only estimates,
they suggest that SG has a significantly larger dipole moment
than LG at the pH values used. This is because the putative
positive charge, Q,, is less at each pH for LG than for SG, while
the negative charges, Q,, are comparable. Q. has greater
magnitude for LG at each pH than SG. This means that there
is a larger electrostatic barrier, Uy,_,,, for LG than SG, while the
smaller LG dipoles provide less attraction, so that Q.. must be
screened more heavily for aggregation to occur for LG than for
SG. In fact at pH 8.15 [NaCl],= 2.78 M for LG while at a
comparable pH (8.6) [NaCl]= 1.50 M for SG (and [NaCl],
would be even less than 1.50 M at pH 8.15). By the same
token, [Gdn], is much higher for LG than for SG, also due to
the higher Q.. and weaker dipoles of LG. The attractive U, 4
and Uy 4 both weaken as p, . decreases. At the extremes of pH
Pret = 0, since Q, = 0 at very high pH and Q; — 0 at very low
pH.

The former interpretation is consistent within the two GLPA
molecules, SG and LG. As pH increases Q. increases in
magnitude and the dipole weakens in each case, leading to
higher threshold values at higher pH for both Gdn and NaCl in
each case.

While beyond the scope of this work, the dipole moments of
the GLPA could conceivably be measured by Dielectric
Relaxation Spectroscopy’ss’56 or by Electric Birefringence
Spectroscopy.””**

Figure 11 shows the [NaCl], measured by light scattering vs
Zoet/Tpet [=(Quer/p)*(D/e)] for SG, taken from the data in
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Figure 11. Parabolic dependence of [NaCl], on z,./n, predicted by
eqs 16aa,16b. The pH is exponential in z,./n.

Table 2, including the experimentally measured aggregation
thresholds. While the data are sparse and the interpretation
rests on the approximations made, the behavior is parabolic,
predicted by the parabolas of eqs 16a,16b, with a prefactor of
588, which is a bit more than double the value of eq 16b.
There is also an offset, which is not predicted and is likely an
artifact of the data and approximations. Meanwhile, the pH
increases exponentially with z,./n (pH on right-hand axis is
logarithmic).

Temperature Behavior

Figures 7a—c and 8a—c show the behavior of the GLPA under
temperature ramps and the time trajectory at several fixed
temperatures, respectively. All three GLPAs initially lose mass
under both temperature ramps and at fixed temperatures. This
likely corresponds to the loss of one or more monomers in the
GLPA micelle, or the breaking up of micelles into smaller ones.
While the micellization is driven at least in part by the classical
hydrophobic effect, due to the long chain fatty acid bonded to
the GLPA, this effect strengthens as T increases, which could
lead to increasing the number of monomers in the micelle.
This is in the opposite direction of losing a monomer with
increasing T, which could signal either loss of H-bonds, if these
are involved in micellization, or decreased 7— stacking, if any,
or a change in net charge, due to the pK, of amino acids
decreasing with increasing T.

Unlike typical globular proteins that irreversibly aggregate
upon heating, these GLPA show reversible monomer loss, or
micelle fragmentation, and slow restructuring, clearly separat-
ing the behavior of these oligopeptides from the globular
proteins.

Whatever the mechanism of the monomer loss as T
increases, it is a slow process, with characteristic times at
least 100 s for dissociation, and at least 10,000 s for
reassociation. This implies some very elaborate changes in
the micelle structure, some sort of collective structural
relaxation, especially involving the interaction of the fatty
acids, as opposed to a virtually instantaneous change in charge
on any of the groups; e.g,, if repulsion increases due to further
amino acid deprotonation, it takes time for the elaborate
architecture of a > 20,000 g/mol structure to conformationally
react to the change in charge state. Similarly, the fact that the

49397

original state is regained after an even longer time for SG and
LG suggests that there is likely significant conformational
restructuring to allow this.

Conjecture on Aggregate Structure

GLPA aggregates are known to form a wide variety of
structures, including amorphous® types and amyloid
fibrils.®”®" Native GLP-1 can also form amyloid fibrils.®>** It
is conjectured here that the alignment of dipoles which has
made a compelling model for GLPA aggregation could lead to
chains of aligned dipoles of the micelles, yielding a fibril type

structure. Interacting dipoles can form a variety of structures.®*

B SUPPORTING EVIDENCE FOR THE
ELECTROSTATIC HYPOTHESIS

The central hypothesis of this work is that asymmetric
electrostatics largely control the aggregation of the GLPA
micelles. The evidence has been laid out in detail, and is
summarized here.

e The formation of the GLPA micelles is driven by the
classical hydrophobic effect, while the colloidal aggrega-
tion of the micelles is largely controlled by monopole
and dipole electrostatics.

Increasing ionic strength screens the electrostatic
repulsion between micelles, progressively lowering the
Coulomb barrier to association. When this barrier falls
to only a few kg T, thermal fluctuations allow micelles to
approach closely enough for short-range attractive
interactions to stabilize aggregates.

Hydrophobic interactions are short-range, and only
weakly dependent on ionic strength, and do not
naturally produce sharp ionic-strength thresholds. In
contrast, electrostatic stabilization of colloidal particles
naturally produces threshold behavior: repulsive Cou-
lomb interactions create an energy barrier to association,
and increasing ionic strength progressively screens this
repulsion. When screening reduces the barrier to only a
few kT, thermal fluctuations permit micelles to
approach to distances where short-range attractions
can stabilize aggregates. The observed thresholds in
NaCl and guanidinium chloride are therefore consistent
with aggregation controlled by electrostatic barrier
collapse.

There is no aggregation of GLPA micelles caused by
increasing temperature (Figure 7a). Globular proteins,
whose aggregation is driven largely by the hydrophobic
effect, unfold and aggregate as T increases. For the
GLPA micelles the only effect of T is to reversibly
reduce the number of monomers in the micelles. There
is no detectable unfolding and aggregation, suggesting a
minimal effect of hydrophobicity, if any.

e When dialyzing GLPA micelles against Gdn, colloidal
aggregation begins at an order of magnitude lower than
with NaCl. This is caused by the charge neutralization of
negatively charged amino acids by Gdn, which
suppresses m-m repulsion, leading to early aggregation.
If hydrophobic effects were involved, Gdn would
suppress it, and hence there would be no aggregation.
The opposite is found.

Changing pH has a very strong effect on aggregation.
This is because pH changes the GLPA charge state, and
hence both the net charge and the charges constituting
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the dipoles. The hydrophobic effect is not normally
dramatically altered by changes in pH.

e The aggregation thresholds and peaks generally occur
below 1 M NaCl and Gdn, a regime in which Debye—
Hueckel electrostatics should be a reasonable approx-
imation.

e SG has more positive charge at any pH than LG, because
the lysine on LG is capped by the fatty acid chain and
has no positive charge.

o The electrostatic model proposed demonstrates that
there are repulsive, stabilizing forces due to monopole-
monopole repulsion, but that there are strong, orienta-
tionally dependent, attractive, destabilizing monopole-
dipole and dipole—dipole forces

e The model makes specific predictions about the
instability threshold. Equations 16a,16b, predict the
parabolic dependence of the aggregation threshold on
(Quet/Prer)” seen in Figure 11, and the strikingly lowered
threshold for Gdn+ due to Gdn+ adsorption onto
negatively charged amino acids, with consequent
lowering of Q.

e A first order estimate (Henderson-Hasselbach) finds
plausible values for positive and negative charges on SG
and LG, as well as associated dipole moments. The
estimated dipole moments in Table 1 for GLPA
monomers are quite high.

B LIMITATIONS OF THE MODEL

The present model is intentionally coarse-grained and aims to
determine whether anisotropic electrostatic interactions can
account for the principal experimental trends. The model treats
GLP-1 analog monomers, micelles, and aggregates as effective
charged entities possessing net point charge and dipole
moments, without explicitly incorporating detailed morphol-
ogy, charge-patch geometry, hydrogen bonding, hydrophobic
interactions, #-7 interactions, or higher order multipoles. The
model should be regarded as a first-order physical framework
rather than a complete microscopic description. It is expected
that the model should be applicable to other peptide systems,
but will depend on their specific charge distributions,
morphologies, and solution conditions, and may also require
including the effects ignored here.

B SUMMARY

At equilibrium, the GLPA form micelle-like associations,
“micelles”, with 5—8 monomers, depending on the specific
GLPA. GLPA contain a fatty acid residue that provides the
hydrophobicity for the micellization; liraglutide has a C16
palmitic acid chain, while semaglutide has a C18 stearic diacid.
In the analysis, the GLPA micelle is taken as the basic unit
which aggregates under NaCl and Gdn. At 0.0035 g/mlL,
where most of the dialysis was performed, the average distance
between GLPA micelles of M = 30,000 is about 24 nm.
Under dialysis with a simple electrolyte (NaCl) and a
chaotropic salt (Guanidine-HCI) SG has an aggregation
threshold concentration, termed [NaCl], and [Gdn], leading
to a peak and a subsequent window of strong aggregation for
higher [NaCl] and [Gdn]. LG also showed peaks, but without
an abrupt threshold. The data clearly support the notion that
the dialysis behavior, including the aggregation threshold and
peak, is due mostly to multipolar electrostatic interactions, with
possible smaller contributions from H-bonds, 7—n stacking,

and the classical hydrophobic effect. This is quite different
from RNA aggregation (dominated by z—7x stacking), and
from aggregation of unfolded globular proteins (dominated by
the classical hydrophobic effect when the protein unfolds).

The electrostatic origin of aggregation is qualitatively
plausible, because the GLPA are peptides with positive and
negative charge patches that give them a net charge at any pH
(except at the isoelectric point, about 4.9 for liraglutide and 5.4
for semaglutide), but also always a dipole moment, even at the
IP. The data indicate there is a net dipole moment in the
micelles; i.e., the monomer dipoles do not cancel out in the
micelle. This is quantitatively borne out by the electrostatic
model, which is based on the repulsive monopole-monopole
(m-m) interaction energy, U,,.,, and net attractive monopole-
dipole (m-d), U, _4 and dipole—dipole (d-d), U4, interaction
energies. The GLPA also have quadrupole and higher
moments which might contribute relatively small, very short-
range attractive interactions, but they are ignored here.

The electrostatic model introduced here is independent of
GLPA morphology; it merely requires that any GLPA entity
have a net charge and net dipole moment, both treated as
pointlike, and hence implies an electrostatic universality among
GLPA morphologies. Details of the net charge distribution,
dipole moment and distances involved will, of course,
modulate these parameters, and hence the quantitative
particulars of each morphological case. In addition to
interpreting the data trends, the model yields estimates of
GLPA dipole moments, and fractional binding of the Gdn" ion
to negative amino acids, and associated binding constants.

When dialyzing with NaCl the net charge and dipole
moment at a given pH remain the same, so it is screening of
the net charge that allows two GLPA to get close enough
together to experience the attractive U4 and Ug4 potentials
and to aggregate. When pH increases the negative charge
increases and the positive charge decreases, leading to a higher
net negative charge, while the dipole moment decreases. The
increase of the former increases the repulsive U, ., while a
decrease of the latter decreases the strength of the attractive
Up.q and Ug 4 potentials. These effects lead to requiring more
NaCl to bring two GLPA close enough to each other’s
weakened attractive potential.

In the case of dialysis with Gdn, a key phenomenon is the
binding of the Gdn cationic portion, Gdn®, to negatively
charged amino acid residues. This neutralizes part of the GLPA
negative charge, describable phenomenologically via a
Langmuir binding curve, and hence reduces the net negative
charge of the GLPA (above the IP), and also reduces the
dipole moment. GLPA at any given pH and [Gdn], can have
either a sharp threshold or broad, peaked onset, as seen in
Table 2. The differences between the threshold or peak are
dramatically lower for Gdn than for NaCl. Threshold and peak
values for NaCl and Gdn cover a broad range from 0.077 M to
3.2M.

Because GLPA have net charge away from their IP, their
dipole moment depends on where the origin of the dipole is
placed between the two charges, a negative Q, at a distance d
from a positive charge Q,. To reduce this dependence on an
arbitrary origin of the dipole (such as the midpoint connecting
Q; and Q,), the charge-magnitude-weighted origin (CMWO)
is used as a gauge, which depends on the relative charges of Q;
and Q,, and corrects for overestimating the dipole moment
when there is a large difference between Q; and Q,.
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The order of thermal stability (lowest to highest stability) is
LG< SG. SG gives perfect reversibility for up and down T-
ramps from 25 to 60 °C, while LG is close to fully reversible.
The T-ramps show that all the GLPA micelles here lose
monomer as T increases, and/or the micelles dissociate into
smaller ones. Because the classical hydrophobic effect normally
strengthens with increasing T, up to about 50 °C, this loss of
monomer suggests that the classical hydrophobic effect due to
the fatty acid side chains on the GLPA monomers is only
partly responsible for the formation of the micelle. The
attractive electrostatic energies U, 4 and Uy 4 may also play a
prominent role in stabilizing the micelle, while the effect of H-
bonds and 7—7 stacking may be much less. The possibility that
the particularities of the GLPA here push the temperature
weakening of the hydrophobic eftect down to as much as 30
°C cannot be excluded.

In the current physicochemical R&D space for GLPA, also
including tirzepatide, survodutide, and others, there are many
chemical modifications being explored and optimized. These
include amino acid substitutions, altering the fatty acid chain
lengths, types, branching, number of chains, and linker type.
Additionally, formulations with varying compositions of buffer,
phenol, propylene glycol and other excipients are under active
research.

For stability against aggregation, it is best to maximize net
charge and minimize the dipole moment. For example, a single
dialysis scan against NaCl or other electrolyte will quickly
show the aggregation threshold for the electrolyte and allow a
quick diagnostic comparison among different candidate
GLPA’s and formulations. A further dialysis scan with
guanidine-HCI can reveal whether cation binding to amino
acid residues is occurring. Similarly, whether other cations may
bind to GLPA and hence reduce their stability can also be
quickly determined. In such cases the fraction of sites occupied
and binding constants can be assessed. The ability of the
dialysis method to also monitor the effects of continuously
changing pH can map out the ranges of highest stability.

The dialysis approach, and subsequent modeling, should
help to better understand GLPA stability under different
chemistries and formulations, and also to better understand the
stability of other oligopeptides such as Conotoxins, substance
P antagonists, Thymosin beta4 fragments, GnRH analogs,
somatostatin analogs, @ MSH analogs, and others.
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