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ABSTRACT

The glucagon-like peptide 1 (GLP-1) analogue, litide, is a GLP-1 agonist and is used in
the treatment of type 2 diabetes mellitus and tppelSitom a pharmaceutical perspective, it is
important to know the oligomerization state ofdji@ide with respect to stability. Compared
to GLP-1, liraglutide has an added fatty acid (FAQiety that causes oligomerization of
liraglutide as suggested by small-angle X-ray sciay (SAXS) and multi angle static light
scattering (MALS) results. SAXS data suggested @bajl shape of a hollow elliptical
cylinder of size hexa-, hepta or octamer, whereasL$ data indicate a hexamer. To
elaborate and further the explanation of the stalmf these oligomers and the role of the FA
chains, a series of molecular dynamics simulatiwase carried out on 11 different hexa-,
hepta- and octameric systems. Our results inditteteinteractions of the fatty acid chains
contribute noticeably to the stabilization. The @iation results indicate that the heptamer
with paired FA chains is the most stable oligomenew compared to the 10 other
investigated structures. In agreement with the SAl4&, the heptamer forms a water-filled
oligomer of elliptical cylindrical shape. TheoreticSAXS curves extracted from the
simulations qualitatively agree with the experinadigtdetermined SAXS curves supporting
the view that liraglutide forms heptamers in sauti
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INTRODUCTION

The glucagon-like peptide 1 (GLP-1) receptor isedl\@stablished therapeutic target for the
treatment of type 2 diabetes mellitus (T2DM) (1-&)d extensive research has established
the physiologic roles of GLP-1 and its endogen@agptor in regulating glucose homeostasis
and energy metabolism (4, 5). GLP-1-(7-37) is aBino acid incretin hormone secreted by
the endocrine L cells in the gut wall upon glucogeke (6), ands secreted in response to
the nutrient content of the gastrointestinal tractl thus potentiate insulexocytosisfrom
pancreaticf-cells in a glucose-dependent manner (6, AQditionally, GLP-1 suppresses
appetite, glucagon secretion, and gastric empt@haf which contribute to inhibition of the
postprandial rise in plasma glucose concentrafi@h<GLP-1 is responsible for up to 60 % of
the postprandial insulin response (9). Recent stuslhow that GLP-1 is not only a key factor
in T2DM treatment, but also has potential in theatment of obesity (1, 10) and has shown
positive effects on neuroprotection in animal med@ll), which can potentially be used for
the treatment of Parkinson’s and Alzheimer’s diegd2-15).

While GLP-1 is interesting for a pharmaceutical laggpion, it cannot be used for routine
treatment, since its biological half-life is onlyew minutes (16, 17). The short insulinotropic
action of GLP-1 results from the degradation of pleetide by dipeptidyl-peptidase IV (DPP
IV) and rapidrenal clearance due to its relatively small siz2-@0).DPP IV degrades GLP-

1 at the N-terminus by cleaving off the first twmiao acids, generating the biologically
inactive fragment, GLP-1-(9-37) (9, 21). To over@this shortcominggifferent strategies
have been used. Those inclugancorporation of the peptides in injectable migiosresji)
fusion with larger carrier molecules like albumim fsragment crystallizable region of
immunoglobulin G or polyethylene glycoiii) attachment of a fatty acid (FA) directing
oligomerization and promoting reversible binding éndogenous human serum albumin
(HSA) (20). All three approaches result in an iased half-life partly due to the increased
size of the drug minimizing the renal clearance mecsm. The latter approach, for instance,
has been utilized in designing the GLP-1 analodwaglutide (Victoza®, Novo Nordisk
A/S) (22, 23). An in depth understanding of thgoinerization state of liraglutide is not only
instrumental in the understanding of the incredsalftlife observed for this molecule but
alsoto ensure a stable oligomeric state, since unclbedrand extensive oligomerization can
drive fibrillation (24) As shown inFig. 1, liraglutide, a C-16 acyl chain (palmitoyl) is kied

to Lys26 via ay-glutamic acid spacer, and the lysine in positignad the native GLP-1
sequence is exchanged with arginine to ensure henoog palmitoylation at position 26 (25,
26). The general understanding is that the acyinchdows a non-covalent binding to
albumin, which delays both proteolytic inactivatiop DPP-IV and renal clearance, resulting
in a biological half-life of about 13-14 hours aalibwing once-daily administration (2, 23).
A further prolongation may also be caused by thiy facid chain that may sterically hinder
DPP IV from degrading liraglutide (5)urthermore, studies have shown that one way to
stabilize GLP-1 is to add a clustering agent that causepéiptide to oligomerize (2), thus,
the FA chain in liraglutide could act as a clustgragent.

Although the pharmacological efficiency of liragtie has been established (23, 27), there is
a lack of a molecular understanding of the solustmcture of liraglutide. Using analytical
ultracentrifugation, Steensgaard and co-workersdcsliow that liraglutide oligomerizes in a
concentration independent manner forming predormipdteptamers in the concentration
range of 0.004-4.501 mg/mL (28). Recently, Wang aodworkers studied the pH
dependence of the size and secondary structureaglutide oligomers using light-scattering
and circular dichroism, respectively (29). The awhreport a transformation from an
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octamer to a dodecamer at pH 6.4 and 6.9 with sules¢ partial loss of the-helical
structure of liraglutide. Furthermore, it has bedown that the oligomerization of GLP-1
and similar peptide analogues is dependent on Hheaqd ionic strength (30), and thus
different solution structures may exist (3, 31).

In order to get further insight in the solutionustiure of liraglutide, we have performed a
series of molecular dynamics (MD) simulations, amdulation results are compared with
results from small angle X-ray scattering (SAXSYamulti angle static light scattering
(MALS) experiments.
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MATERIAL AND METHODS

SAXS 3 ml commercial Victoza® (contains 18 mg liragligti(free-base, anhydrous) and the
following inactive ingredients: disodium phosphdtbydrate, 1.42 mg; propylene glycol, 14
mg; phenol, 5.5 mg in aqueous solution (32)) wadyded against 3x1 L buffer containing
approximately 0.47 mg/mL (0.376 mM) pPO,#2H,0, pH 8.1, over 3 days. Concentration
determinations were performed with the NanoDrop®QL8pectrophotometer from Thermo
Scientific at 280 nm. The extinction coefficientsvealculated to be 6990 &mi™ with the
ProtParam (33) tool from ExPASYy.org (34) usingphienary sequence of the protein.

SAXS measurements were performed at the MAX IV tatmries at beamline 1911-SAXS,
Sweden (35). The sample detector distance anditbet deam position was calibrated using
silver behenate (AgBe). Parameters are shown ineT&R in the Supporting Material.
Measurements on pure water were used to get tleeatabin absolute scale. Buffers were
measured both before and after each sample andgeeebefore subtraction. The sample size
was approximately 50 pL injected manually in a flogll. Measurements were performed on
a series of liraglutide samples at approximate eotrations: 1 mg/mL, 2 mg/mL, and
4.7 mg/mL.

All calibrations and corrections of the SAXS datarg done using the in-house software
Bli911-4 (35). Buffer averaging and subsequentrsution prior to data analysis was done in
Primus (36). The ATSAS program package version (34) was used for further data
analysis. Evaluation of the Guinier region was @ernied within Primus. The pair distribution
function,p(r), was evaluated using the interactive program G(28\

AF4-UV-MALS Asymmetric flow field flow fractionation (AF4) sepation was performed
using a Dionex, Thermo Scientific UltiMate 3000 @ad@mpler and pump (Thermo Fisher
Scientific Inc., Waltham, MA, USA) connected to ay&tt Eclipse AF4 separation system
(Wyatt Technology Europe Gmbh, Dernbach, Germawjljpwed by a Dionex, Thermo
Scientific UltiMate 3000 RS variable wavelength Wtector set at 280 nm and a Wyatt
Dawn Heleos-Il 18-angle MALS detector. Separatioveye performed using a 10 kDa
molecular weight cutoff polyethersulfone (PES) meame in a 17.5 cm separation channel
with an S-350 um spacer. Samples were introduceth@éochannel at 0.2 mL/min and
subsequently focused at the head of the chanrsefadus flow rate of 1.5 mL/min. Samples
were eluted over 15 min with a channel flow ratelahL/min and a cross flow gradient of
4.0 to 2.5 mL/min. Undiluted Victoza® (6 mg/mL Igltide) and 10x diluted Victoza®
(diluted with eluent) was injected and eluted wvdthmM phosphate, 100 mM NacCl, 0.05 %
NaNs, pH 8.1, filtrated through a Oymfilter. Different injection volumes of undiluted dn
diluted Victoza® were used, and the resulting maads were 6, 12 and 18 ug liraglutide.
The molecular weight of liraglutide was calculateging the Wyatt Astra software version
6.1.2 with dn/dc = 0.185 mL/g and UV extinctioretficient (280nm) = 6990 cim ™.

Molecular dynamics (MD) simulations. Several orientations and oligomers of liraglutidee
been investigated. All are based on the solutionRN&ructure of liraglutide (pdb entry:
4APD) obtained from the Protein Data Bank (39). Therdinates from the pdb file were
copied, translated and rotated in a circle wittadius of 20 A, corresponding to the results
from SAXS experiments. This resulted in severajaiiers containing six, seven, or eight
monomers, respectively. A set of oligomers wasteceavhere the monomers were oriented
so that two FA chains were paired in the directodrthe elliptical cylinder arrangement,
which hereafter will be referred to hexa-, heptard octamer systemgi¢. 2). In the
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heptamer, one monomer was oriented with the FAncpainting outward of the elliptical
arrangement.

Furthermore, another set of oligomers were creathdre some of the monomers were
flipped upside down to see if interactions betwéesm C- and N-terminal charges would
stabilize the structures. For this set of oligom#ie hexa- and one octamer were made with
every second monomer flipped upside down. In tlse cd the heptamer, only the monomer
with the FA chain pointing outward was flipped wgesidown. Also, another octameric
structure was prepared where every second monoaiewgs flipped upside down. These
configurations are hereafter referred to as AA6, AW7 1ud, AA8 4udp, and AA8_4uds
systems where ‘ud’, ‘p’, and ‘s’are short for ugsidown, pair, and single, respectiveiyg(

2). To clarify the extent of the stabilizing effexftthe FA chain on the structures, another set
of oligomers were created. One oligomer is congtdicaccording to the rotation and
translation of the first heptamer, but it does cantitain any FA chains (hereafter referred to
as AA7_glpl and represented Fig. 2). Three other oligomers were also created; a hexa-
hepta-, and octamer where all the monomers aréetbto that the FA chains are pointing
outward of the elliptical arrangement. These wdltdafter be referred to as the AA6_FAout,
AA7_FAout, and AA8_FAout systemsif. 2). This gives a total of 11 oligomeric structures.

The structures were solvated using the programa®mlfrom the H. Grubmiiller research
group (40). Water molecules were described by iR8 Tvater model (41). Next, the systems
were neutralized by adding 3 Nimns per monomer. Simulations were performed dbait
strength of 0.1 M NaCl (see details in Table 1). gdnulations were performed using the
computer program NAMD (42) with the CHARMMS36 foréeld (43). The same simulation
parameters were used as described by Madsen201l. (44). See Supporting Material for
detailed description. Analyses of the trajectoviese carried out in VMD (45).

Table 1: System and simulation details of the 1dooheric systems.

Structure No. of No. of No. of Initial box size  Simulation time
atoms waters NaCl (A) (ns)

Hexamer 140203 45615 86 113x118x115 69
Heptamer 53774 16665 31 83x88x89 129
Octamer 136414 44000 83 113x115x115 71
AA6_3ud 57419 18055 34 91x88x85 34
AA7 1lud 57090 17769 33 91x87x87 39
AA8 4udp 54814 16834 32 91x85x85 41
AA8 4uds 54928 16872 32 91x85x85 43
AA6_FAout 52289 16247 31 83x90x85 21
AA7 _FAout 53114 16445 31 83x88x89 51
AA8 FAout 54937 16875 32 83x90x90 21
AAT7 glpl 51729 16131 30 83x87x87 69

Theoretical SAXS curves. The program CRYSOL (46), which is part of the ATSpackage

version 2.6 (37), was used to compare the SAXSesuof the structures extracted from the
MD simulations with the experimental measured SA(Bve of the oligomer. CRYSOL

calculates the scattering intensity based on tbmiatcoordinates of the protein and adds a
hydration layer simplified as a continuous outeredope (47).
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RESULTS

The following section is structured as follows: SEjrexperimental results from SAXS and
A4F-UV-MALS are presented followed by the compudaél results.

SAXS SAXS intensity curves of liraglutide measured iffedent concentrations are shown in

Fig. 3. Repulsion is observed already at 1 mg/milemme shape of the curve is consistent
over the concentration range reflecting a simiteape of molecule. This is also reflected in
the Kratky plots shown in Fig. S1 in the Supportivigterial. Corresponding pair distribution

functions are provided in Fig. S2.

Table 2 summarizes the extracted data analysismedeas. The radius of gyratiomR],
maximum particle diameteiDg,,) andl(0)/c show a slight decrease with concentration as
expected from the repulsive behavior.

Table 2: Parameter overview extracted from SAXSsussments.

Concentration Ry Ry Dimax 1(0) 1(0) 1(0)/c Molecular Weight
mg/mL Guinier &)  p) (&) (A Guinier p(r) (kDa)
1 23.1 23.8 82.0 0.021 0.021 0.021 26
2 21.7 22.3 75.9 0.040 0.041 0.020 25
4.7 22.2 22.2 74.2 0.096 0.096 0.020 25

The partial specific volume;, used for calculating the molecular weight is @ro$ match
pure protein and is set to the average value dd @rif/g. To compare the experimental
results with the model structures extracted from gimulations, the experimental data were
extrapolated t@ = 0 to avoid inter-particle repulsion.

AF4-UV-MALS Analysis of liraglutide showed a single peak anthéorm molecular weight
across the peak in all analyses (Fig. 4, left)dating that repulsive behavior is negligible at
the concentration range found in the detector. &lerage molecular weight across the peak
was 22 kDa, which corresponds to a hexamer assuanmgnomer molecular weight of 3.7
kDa. Undiluted Victoza® (6 mg/mL liraglutide) an@®+ diluted Victoza® was analyzed and
different injection volumes were used, which resdilin mass loads of 6, 12 and 18 ug
liraglutide. Liraglutide is diluted during analysiy the eluate, and the resulting liraglutide
concentration was quantified in the eluate passig UV detector Kig. 4, right). Peak
liraglutide concentrations of 0.012, 0.024 and 6.68)/mL were observed.

Molecular dynamics simulations: Simulations were performed on several sets congistf
hexa-, hepta-, and octamer oligomers to study tituetsiral arrangement and stability of the
oligomers including the role of the FA in promotitige stability of the oligomers. The last
structures taken from the simulations are showkigs. S3, S4, and S5.

Figs. S3, S4, and S5 show that although the intstnactures for all 11 oligomers are highly
distorted compared to the start structures (Fig.aR)of them but AA6_3ud (Fig. S4 a))
maintain a tunnel-like structure which is, howevenre or less flattened and resembling an
elliptical shape

The solvent accessibleirgace area of the oligomers seen in Fig. 5, S@,%nrelates to the
packing of the monomers.

Overall, the packing of the heptamers appears tanbee prominent than the octamers
throughout the simulations indicated by the low&S8. The AA6_3ud structure has a
significant lower packing than the AA7_1ud, AA8 4 dnd AA8 4uds structures, which
most likely is a result of a complete opening & #iliptical structure as seen in Fig S4 a).
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The relatively high SASA for the AA6_FAout oligomeould be due to the elongation of
some of the monomers which appear to unfold froenhiglix structure (Fig. S5 a)).

The time evolution of the root mean square deuwa(RMSD) is shown for the 11 structures
in Fig. 6, S8, and S9.

From the initial steep increase in RMSD, it is evitithat the oligomers rearrange to some
extend within the first 6 ns. Furthermore, FigS8, and S9 show that the RMSD converges
for the hexamer, AA6_3ud, heptamer, AA7_1ud, AA&IFUAA8 4uds, AA8_FAout, and
AAT7_glpl conformations. These structures appedretstable when it comes to the overall
movement of the systems. The octamer, AA6_3ud, A#®ut, and AA7_FAout does,
however, not converge. Furthermore, the three hekamystems and AA7_FAout present a
significantly higher RMSD value compared to theesthystems.

To further monitor the movement of the monomers, 2B positions of the-carbon in the
FA-Lys linker (Fig. S11) for all 11 oligomer confoations, projected onto the plane (the
monomers are translated and rotated aroung-¢has), are shown as a function of simulation
time in Fig. 7, Fig8Fig. 9.

From Fig. 7, we can conclude that the spread ohthemer is larger than for the heptamer
and the octamer throughout the simulation. Furtloeemthe hexamer is squeezed to give a
more flattened shape. Whereas, for the octameppears that the elliptical structure is
unstable since one monomer appears to migrate thhemoligomeric structure. In the case of
the heptamer, Fig. 7 b), it is evident that theitpms of the a-carbon is rather dense
throughout the simulation and that the structusemebles an ellipse.

Fig. 8 a) shows that the AA6_3ud structure flattérastically which corresponds to the more
open structure seen in Fig. S4 a). The AA8_4udpcsire maintains a more elliptical
arrangement, even though one monomer seems tabadethe structure (indicated by the
circumference). The AA8 4uds structure presentetaf movement and gains a squared
shape. The AA7_1ud structure is, like the hexameig. 7 a), squeezed so that the elliptical
structure is destroyed.

In AA7_glpl, Fig. 9d), monomers are more mobile than compared wehother structures
resulting in a disordered (unstable) structurezign9b), the AA7_FAout structure appears to
maintain an elliptical structure, but the movemainthe a-carbons is not very spread oHig.

9 c¢) shows that the-carbon movement of the AA8 FAout system is rattertered on the
starting position throughout the simulation, whicldicates a stable system. However, as
seen for the octamer and AA8 4udp systems, one men@scapes from the elliptical
arrangement. The AA6_FAout systerfig¢ 9 a)) moves significantly throughout the
simulation and this movement results in a flattesiedcture.

Mean energy calculations based on the structuresntat every 50 ps throughout the
simulations are given in Table 3. The energiesutated for the oligomeric system (peptide-
peptide, P-P) and the oligomer-water interactiddd\() are normalized to the number of
monomers in each oligomer to make comparison ofdifferent systems possible. From

these, it can be seen that the total P-P van deisd\fadW) energy for the heptamer is lower
than for any of the other oligomers. Considering BxW interactions, the energy for the
heptamer system is less negative than found forother systems. In general, all the
hexameric systems of liraglutide (hexamer, AA6_3846 FAout) are higher in P-P vdW

energy which might indicate that these structures lass stable than the hepta-, and
octameric liraglutide oligomers. The energies shelatively large fluctuations (data not

shown) which is also reflected by the relativelsgiastandard deviations. This indicates that
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internally the 11 oligomeric systems are flexibieistures.

Table 3: Mean energies and corresponding standeodad the mean (for P-P and P-W) and standard
deviation (for S-S) for the 11 systems are caledldor the simulations. Van der Waals (vdW)
energies for the peptide-peptide (P-P), peptiden@-W), segment-segment (seg-seg) with FA pairs
(S-S FA), seg-seg without FA pairs interacting {Se®d - for the heptamer — seg-seg interactions fo
the monomer pairs including the monomer with thegéfating outward (S-S FA out) are calculated.
Energies are also calculated for the systems waleF&\ chains are pointing outward (S-S all FA out)
The energies for the P-P and P-W interactions ammalized according to the number of monomers
in the structure. MDEnergy from NAMD was used ttcatate the energies in intervals of 50 ps for
the simulations.

Srudure PPVAW  PWvdW  SSvdw  SSFAvdw o oM
(kcal/mal) (kcal/mal) (kcal/mal) (kcal/mal) (kcal/mol)
Hexamer -188 £18.9 -84.7+21.1 -20+4.5 -44 +6.1 -
Heptamer -200+14.8 -68.1+19.3 -37+5.6 -56 £4.7 -23+3.8
Octamer -187 £13.7 -84.4+18.0 -21+3.8 -62+4.1 -
AA6_3ud -185+16.4 -88.1+221 -46+22 52+71 -
AA7_1lud -191+£19.8 -83.0+224 -12+4.6 -50+4.7 -38+4.8
AA8 4udp -189+15.1 -86.8+18.9 -18+3.1 -55+35 -
AA8_4uds -190+16.5 -853+21.1 -24+3.6 -54+4.4 -
AA7 glpl -160+15.1 -84.9+19.0 -23+5.1 -26 £5.0 -29+5.2
P-P vdW P-W vdW
Structure (kcal/mol) (kcal/mol) S-Sall FA out vdW (kcal/mal)
AAG6_FAout -171+£13.4 -104+£215 -23+3.0
AA7_FAout -187 +£18.9 -86.5+25.3 -33+£3.0
AA8 FAout -176 £13.1 -98.6 £ 22.8 -35+3.0

The analyses were done for segment-segment intaracivhere FA chains are facing each
other (S-S FA), no FA chains are between them (% FA chain pointing outward (S-S
FA out), and all FA chains pointing outward (S-$ A out). See Fig. 10 and Fig. 2 for
illustration of S-S, S-S FA, S-S FA out, and S-SR out (AA6/7/8_FAout structures),
respectivelyThe two last analyses were only done for the heptamA7_1ud, and for the
AA6_FAout, AA7 FAout, and AA8 FAout oligomers sincthese were the only
conformations relevant for such investigation. Rssdor the AA7_glpl structure are
reported as those for the heptamer even thoughes dot have any FA chains attached, since
the monomers in the AA7_glpl structure are rotéltedsame way as those in the heptamer
with paired FA chains. It can be seen that fordtractures with FA pairs, the energies are
significantly lower for the monomer pairs that h&# chains facing each other, than those
where no FA chains are between them. This suppletssiew that interactions of the FA
chains contribute to the stabilization of the ofrggrs of liraglutide (2, 5).

10
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DISCUSSION

The experimental SAXS curves (Fig. 3) show thaneatethe lowest measured concentration
of 1 mg/mL, repulsive interactions between liraglatoligomers are present which increases
with increasing concentration. Repulsive interawdi@an lead to an underestimation of the
molecular weight. The SAXS data suggest that thaiso structure of liraglutide is a hexa-,
hepta-, or octamer. The uncertainty arises fromeraties related to the measured
concentration and the estimated partial specifitume §) (and hence the number of
monomers in the oligomer). To our knowledge, thenmeo value ob for liraglutide available

in literature. In this studyy = 0.73 cni/g (corresponding to an average value for pure
proteins)was used. The FA chain could contribute to aneiase in the partial specific
volume, but to which extent is difficult to estireatUsingv = 0.74 cni/g as also reported in
literature (48), the molecular weight increasetht resembling an octamer. From the SAXS
measurements, it can only be concluded that thatisol structure of liraglutide is an
oligomer of approximately heptameric molecular sizigh a consistent shape of an elliptical
cylinder, and that this oligomerization is concatian-independent within the measured
range.

The MALS results indicate a hexameric solution struetof liraglutide. In contrast to the
SAXS data, no repulsion interactions between oligewere observed in the concentration
range of 0.012-0.036 mg/mL. Note that the SAXS detae measured in the concentration
range of 1.0-4.7 mg/mL where 1 mg/mL correspondhéolowest concentration that can be
measured.

Simulation results suggest that the hexamer isndavarable arrangement for the monomers
as seen from the structural deviation of the oligngiven by the RMSD (Fig. 6) and the
2D plot of thea-carbon in the FA-Lys linker (Fig. 7). However, thacking of the structure
is relatively tight with a low SASA (Fig. 5) whicindicates that more interactions are
obtainable. This is also supported by the relagivelv P-P energy of the hexameric system
compared to the others (Table 3). The heptamer seempresent a very favorable
arrangement with a tight packing indicated by tbe ISASA (Fig. 5), little displacement
given by the low and converging RMSD (Fig. 6), dhd overall elliptical shape seen in the
2D plot of thea-carbon in the FA-Lys linker (Fig. 7). This is aldwe structure with the
overall lowest P-P energy of ~ -200 kcal/mol. Tlotamer, like the hexamer, also appears to
present an unfavorable arrangement with a sligbhimyg and disintegration of the elliptical
structure as seen in the end structure (Fig. $8)2D plot of thex-carbon (Fig. 7), and the
high SASA (Fig. 5). The AA6_3ud presents the wonsthomer arrangement out of the 11
investigated structures based on the end struffige S4) that opens completely resulting in
an unstable conformation as also seen from théivelya large SASA (Fig. S6), increasing
RMSD (Fig. S8), and the scattereadarbon position (Fig. 7). The AA7_1ud, AA8 4udpda
AA8_4uds systems all maintain a relatively welbaiged end structure (Fig. S4) even though
one monomer appears to be leaving the generaliedlistructure of AA8_4up. In contrast to
this, the overall packing of the three systemseistively tight (Fig. S6), but the overall
movement is scattered and very spread out as setne i2D plot of thex-carbon (Fig. 8).
Thus, it seems like interactions between the C- [drérmini are not contributing to the
energy, hence, liraglutide is most likely not toaage like the flipped structures (AA6_3ud,
AA7 1ud, AA8 4udp, and AA8 4uds). The AAG6/7/8 FAostructures also present
unfavorable arrangements of the monomers as casebe by the large scattering of the
individual monomers in the 2D plot of thecarbon (Fig. 9) and large overall displacement
represented by the RMSD (Fig. S9). The most impbdaalysis result for these structures is,
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however, that the S-S all FAout energies for akk¢hsystems are less negative than those of
the segment interactions in systems where the Fnshare pointing towards each other
(Table 3). This amplifies the hypothesis of liragle oligomer structures that give rise to FA
interactions. However, when the FA chains are pragnoutward they could, in theory, wrap
around the elliptical structure in such a mannat they interact, but this appears not to be
the case based on the energy calculations (Talda®}he fact that all the FA chains in all
the three structures seem to be randomly layinthersurface of the oligomers (Fig. S5) that
could promote clustering of oligomers. Howeverstisi not the case since SAXS and MALS
data indicate the presence of one defined oligasgecies. The AA7_glpl was made as a
reference structure when considering the role ef BFA chains. The results show that the
movement of the individual monomers of this sys{éig. 9) is rather large. This emphasizes
the stabilization effect of the FA chains. The systseems to have a tight packing (Fig. S7),
however, this fact is more likely to be a resultloé missing FA chains in the structure, and
hence, less surface area. The S-S energies bemswiof a great lack in possible interactions
since these energies are significantly less negdtiv-29 kcal/mol) than for those systems
with FA chains present (S-S FA average energy ~kead/mol). This corresponds well with
the hydrophobic/hydrophilic areas of the monomeawshin Fig. 10 where it is evident that
there is a difference in the hydrophobicity arouhd monomeric structure. All in all, it
shows that the FA chains are important in stalbigjzhe liraglutide oligomer.

It thus appears that the heptamer is the most &merarrangement, which is further
supported by the comparison between the experiiedetermined SAXS (SAX3P) curve
and curves extracted from the simulations. Thergtaal SAXS (SAXS™™P curves along
with the experimentally determined curve are showrFig. S10. SAXS™ curves were
calculated from the last structure of the 11 sirnoites.

The discrepanciesy{ values) for the 11 curves compared to the expetatly obtained
SAXS curve are, together with the radii of gyrafigiven in Table S1. Besides the radius of
gyration for the octamer, the radii of the systdimsvery close to those found from the
experimental data seen in Table 2. Also, the dpsareies given in Table S1 does not present
one specific candidate with the best fit, as sdvefdhe systems have low discrepancies
between their end structures and the experimerdaligined data.

To clarify the best fit further, we show the timeokition of the discrepancies between
SAXS™®™ and SAXS® for the 11 oligomers in Fig. 11.

The discrepancy of the heptamer is rather stabdel@m throughout the simulation. So»s

of the hexamer, AA8_4udp, AA8_4uds, and the AA71lgfystems. On the contrary, the
discrepancy of the octamer and AA6_3ud is very hagid increases with simulation time.
That of the AA6_FAout, AA7_FAout, and AA8 FAout $gms and AA7_ 1lud fluctuates
significantly throughout the simulations. The réswdhow that the global structure and size
seems to be correct, especially for the heptamdrhmxamer, but none of our simulated
structures capture the precise shape of SAXS

Summarizing and combining all the results (Seble 4for a combined scoring chart), it

appears that the most likely solution structurelicdglutide is a heptamer where the
monomers are orientated in such a way so thattthehed FA chains can interact in three
pairs in the direction of the elliptical arrangemand with the remaining monomer oriented
so that the FA chain is pointing out.
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Table 4: Scoring chart of the 11 oligomeric systeffach system is evaluated compared to each other
in each of the 7 categories; lowest and most s@ARA, lowest and most stable RMSD, most stable
2D projection and elliptical shape, lowest P-P veiérgy, highest P-W vdW energy, lowest
discrepancy from measured SAXS curve taken foetttestructure, and lowest mean and standard
deviation of the discrepancy throughout the simote¢data taken from Fig. 11). The SASA, RMSD,
and 2D projection plots are inspected visuallys the best score and 11 is the worst. The totaésco

is normalized.
Structure SASA RMSD 2D Energy SAXS Total
projecton P-P  P-W y°value y’value score
vdW  vdW fluctuation
Hexamer 2 8 3 5 5 7 4 4.9
Heptamer 1 4 1 1 1 3 2 1.9
Octamer 7 10 6 6 3 11 10 7.6
AA6_3ud 10 11 11 8 9 10 11 10
AA7_1ud 4 5 10 2 2 6 7 51
AA8_4udp 6 3 5 3 8 5 6 5.1
AA8_4uds 5 2 8 4 7 4 3 4.7
AA6_FAout 11 9 2 10 11 2 8 7.6
AA7_FAout 8 7 9 7 4 9 9 7.6
AA8_FAout 9 1 4 9 10 1 5 5.6
AA7_glpl 3 6 7 11 6 8 1 6.0

372
373 The heptamer, with the above mentioned conformapoesents the best model with a total

374 score of 1.9 being the best scoring structure mu#of 7 categories and landing either a
375 second, third or fourth place in the remaining gates. It presents the best energy
376 interactions as well as the least structural denabf the monomers and highest packing.
377 The hexamer presents the second best solutiorgdmst not score best in any category. The
378 AAG6_3ud structure presents the worst arrangemetiteofmonomers with a total score of 10.
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CONCLUSION

From a pharmaceutical perspective, it is importanknow the oligomerization state of
liraglutide with respect to stability, since uncatied and extensive oligomerization can
drive fibrillation. Furthermore, oligomerization igmportant for stabilization of the
formulation, which has a 2 year shelf-life in liguform. Furthermore, MALS provides
information about the mass, and SAXS provides médron on mass, radius of gyration and
shape. In order to get further insight in the dohlutstructure of liraglutide, we have
performed molecular dynamics simulations. The SAi8ves indicate that liraglutide
undergoes concentration-independent oligomerizati@epending on the partial specific
volume used for deducing the molecular weight anturn the number of monomers in an
oligomer, liraglutide may form hexa-, hepta- orawmers in solution. In contrast, the MALS
results suggest that liraglutide forms hexamersoimtion. The experimental results are not
conclusive with respect to the size of the oligsndfurthermore, no information can be
deduced from these measurements regarding thetair@nand stabilizing role of the acyl
chains in the oligomers.

We, therefore, performed molecular dynamics sinmubat on several oligomeric sets
consisting of hexa-, hepta-, and octamers. Our laitionn results indicate that interactions
between the FA chains contribute to the stabiliranf the structure and that the heptamer
presents the best representation of the investigétaglutide oligomer. Furthermore,
comparing the experimentally determined SAXS cumih the SAXS curves determined
from the structures extracted from the simulatisimsws qualitative agreement for the overall
size and shape. This indicates that liraglutidsalution is most likely to form heptamers in a
hollow, water-filled, elliptical cylindrical shapestructure where the monomers are orientated
in such a way so that FA chains can interact paeswHowever, from the simulations, we
presently are not able to identify the absolutatmrsof the FA chains in the heptamer, but it
is clear that interactions between them are sicgnifi.
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SUPPORTING MATERIAL

2 tables, 11 figures and a detailed descriptioim@imolecular dynamics simulation
parameters are available at
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FIGURE TITLESAND LEGENDS

Fig. 1: Amino acid sequence of liraglutide.

Fig. 2: Representation of the start structuresherll oligomeric structures. All structures arevsin
from a top view. The red line represents the oatom of the FA chain on each monomer, and the
ellipses reflect the size and shape of the oligemer

Fig. 3: Scattering curves normalized for concergmatPlots at concentrations 1, 2, and 4.7 mg/mL.
Inset shows scattering over entire measured sicafteange. Lir = liraglutide.

Fig. 4: AF4-UV-MALS analysis of undiluted Victoza® mg/mL liraglutide) and 10x diluted
Victoza® (F10). Different injection volumes werestied. All analyses showed a single peak in the
UV chromatogram and a uniform molar mass of ara2@#@Da across the peak (left). No other peaks
were observed in the chromatogram. The liragluttidacentration in the eluate passing the UV
detector is shown in the right graph.

Fig. 5: Solvent Accessible Surface Area (SASA) asnation of time for the hexamer, heptamer, and
octamer. The area has been normalized accorditigetoumber of monomers. SASA was calculated
every 50 ps along the trajectory using a van deal$iadius of 1.4 A.

Fig. 6: RMSD of the entire oligomeric structure fbe hexa-, hepta-, and octamer. Structures were
aligned to the first frame (t = 0) and deviations determined for the backbone chains.

Fig. 7: Position ofi-carbon in the FA-Lys linker of the hexamer, aytaener, b), and octamer, c), as
a function of simulation time. One monomer is highiled by a circle in the octamer, c), to indicate
the possible disintegration of this structure. Clamates taken from the first 15 ns, 5 ns in thedieid

of the simulation, and the last ~5 ns are showre @incles and dashed lines indicate the average
structure within the 5 ns intervals shown by thésd®heyz a-carbon atom coordinates for the FA-
Lys linker were plotted in intervals of 50 ps.

Fig. 8: Position ofx-carbon in the FA-Lys linker of the AA6_3ud, a), AAlud, b), AA8_4udp, c),
and AA8_4uds d), as a function of simulation titd@e monomer is highlighted in a circumference in
AA8_4udp, c), to indicate the possible disintegnatof the AA8_4udp system. See figure caption Fig.
7 for details.

Fig. 9: Position ofi-carbon in the FA-Lys linker of the AA6_FAout, A7_FAout, b), AA8B_FAout,
c), and AA7_glp1 d), as a function of simulatioméi. See figure caption Fig. 7 for details.

Fig. 10: A surface plot of the liraglutide monomehowing the seg-seg orientations. The
hydrophobicity is given in green and grey (hydrdpbd and orange (hydrophilic). The FA chain is
colored in gray. a) shows the different hydrophitpion either side of the monomer.

Fig. 11: Discrepancies of the calculated SAXScurves and that of liraglutide as a function of
simulation time, calculated every 5 ns. The arrowlicate that thg? values continuously increase
with simulation time.
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