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Prion-derived tetrapeptide stabilizes thermolabile

insulin via conformational trapping
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Jyotsna Bhat," Jithender Reddy G,* Jagadeesh Bharatam,* Samit Chattopadhyay,® Subhrangsu Chatterjee,’*

and Partha Chakrabarti?38.*

SUMMARY

Unfolding followed by fibrillation of insulin even in the presence of various excip-
ients grappled with restricted clinical application. Thus, there is an unmet need
for better thermostable, nontoxic molecules to preserve bioactive insulin under
varying physiochemical perturbations. In search of cross-amyloid inhibitors,
prion-derived tetrapeptide library screening reveals a consensus V(X)YR motif
for potential inhibition of insulin fibrillation. A tetrapeptide VYYR, isosequential
to the B2-strand of prion, effectively suppresses heat- and storage-induced insu-
lin fibrillation and maintains insulin in a thermostable bioactive form conferring
adequate glycemic control in mouse models of diabetes and impedes insulin amy-
loidoma formation. Besides elucidating the critical insulin-IS1 interaction (R4 of
IS1 to the N24 insulin B-chain) by nuclear magnetic resonance spectroscopy, we
further demonstrated non-canonical dimer-mediated conformational trapping
mechanism for insulin stabilization. In this study, structural characterization and
preclinical validation introduce a class of tetrapeptide toward developing ther-
mostable therapeutically relevant insulin formulations.

INTRODUCTION

Availability of injectable insulin formulation has been a breakthrough in diabetes management in achieving
long-term glycemic control and preventing complications (Baram et al., 2018; Heller et al., 2007; Moroder
and Musiol, 2017; Owens et al., 2001; Xiong et al., 2019; Zaykov et al., 2016); it still, however, suffers from
certain disadvantages including temperature-sensitive fibrillation in solution and development of subcu-
taneous tumor-like mass designated as “amyloidoma” at the site of injection (Hua and Weiss, 2004; lvanova
et al., 2009; Nilsson, 2016; Woods et al., 2012; Yumlu et al., 2009). Worldwide efforts were thus made to
develop thermostable insulin either by making recombinant insulin species with mutations or stabilizing
native insulin with salts, Zn?* ions, and small molecules such as meta-cresol (Frankzer et al., 2017; Gong
et al., 2014, Han et al., 2017; Kachooei et al., 2014; Lee et al., 2014; Patel et al., 2018; Saithong et al.,
2018; Wang et al.,, 2011; Zheng and Lazo, 2018). However, small molecules are found to be toxic in long-
term usage and are inefficient in optimally preventing fibrillation (Teska et al., 2014; Weber et al., 2015).
Thus, the unmet need for better nontoxic insulin stabilizers is highly warranted and nonimmunogenic pep-
tides as stabilizers would have no or very low toxicity (Banerjee et al., 2013; Neddenriep et al., 2012; Wu,
2019). To date, an array of peptide-based stabilizers was designed and validated through in silico or bio-
physical investigations, but the exploration of their therapeutic potential in in vitro, in cellulo, and in vivo
preclinical models is mostly lacking (Das and Bhattacharyya, 2017; Mishra et al., 2013; Ratha et al., 201¢;
Seidleret al., 2018; Wallin et al., 2018). Recent advances suggest screening and designing of cross-amyloid
inhibitors can either protracts amyloid self-assembly or inhibit potential cross-seeding of interacting amy-
loidogenic proteins (Armiento et al., 2020).

In the search for endogenous peptide motifs that could potentially hinder insulin fibrillation and stabilize
insulin in its stable conformation, we looked at misfolded human prion conformers because of its colocal-
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ization at insulin-secreting pancreatic B-cells while having a converse functional association with glucose S.C), . _
homeostasis (Amselgruber et al., 2006; Ashok and Singh, 2018). Three conserved tetrapeptide motifs (F;,C?:a)krabart'@"Cb'res'm
(RYYR/VYYR/AYY(D/Q)) found in PrPc and the conformation-selective surface exposure of “YYR" associ- : o
. ) X Se ) . ) https://doi.org/10.1016/j.isci.
ated with the B-sheet structure in misfolded PrP>° prompted us to consider these peptide motifs as the 2021.102573
m o
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updates.
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Figure 1. Prion-derived peptide screening for antiamyloid activity
(A) Schematic representation of antiamyloid peptide screening.

(B) Heatmap of hierarchical clustering of fibrillated insulin in the presence of equimolar ratio of 77 tetrapeptide variants. Darker shades represent higher

fluorescence values.

(C) Amyloid activity as an inversely proportional function of PROTEOSTAT fluorescence distributed in 4 tetrapeptide sequence.

(D) Four independent clusters of peptides obtained from k-means clustering.
(E and F) ThT assay and DLS for heat-induced fibrillation of insulin in the presence of indicated peptides.
(G) AFM for heat-induced fibrillation of insulin (scale bars, 1 pm).

seeding platform to design cross-amyloid inhibitors for insulin amyloidosis (Julien et al., 2009; Paramithiotis
et al., 2003).

RESULTS

Peptide screening reveals insulin stabilizing prion-derived tetrapeptide sequence

We designed a library of 77 tetrapeptides based on two conserved tetrapeptide motifs (RYYR/VYYR), each
having a single amino acid substitution at a time by the rest 19 natural amino acids for each position (Table
S1). Peptides were screened for the heat-induced insulin fibrillation inhibition using thioflavin T (ThT) and
PROTEOSTAT fluorescence (Figure 1A; STA, r = 0.59,p < 0.001). Heatmap of fluorescence data revealed
that peptides having the formula of V-(X)-Y-R have the highest antiamyloid potential (~81.4%), whereas V-
Y-Y-(X) peptides showed the lowest impact (44.24% inhibition), where X is any amino acid (Figures 1B and
1C). Even unsupervised K-means clustering showed that cluster-1 containing 27 peptides had the lowest
fluorescence values (5.5% of native insulin) and highest antiamyloid potential (Figure S1C) with significant
correlation (R = 0.46, p = 0.017) (Figure 1D). Cluster-1 peptides were further analyzed for percent allowable
substitution [(substitution observed/total possible substitution i.e. 19) * 100] at each position that depicts
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marked conservation of amino acids at the third and fourth positions by allowing only 21.05% and 15.5%
substitutions, respectively, making the Y(3)-R(4) sequence indispensable for the anti-fibrillating property.
We thereby propose a generalized tetrapeptide sequence V-(X)-Y-R that would potently prevent insulin
fibrillation.

To test the position-dependent importance of the core Y-Y sequence, we used five peptides (V-Y-Y-R, V-P-
P-R, V-Y-P-R, V-P-Y-R, and V-T-T-R) for heat-induced insulin fibrillation assay. Only V-Y-Y-R showed signif-
icant antiamyloid activity and preserved insulin’s glucose-lowering capacity during an insulin tolerance test
(ITT) in mice (Figures S2A-S2D). We further designed variant peptides by adding amino acid at N- and
C-terminal of VYYR (VVYYR and VYYRR), deleting one tyrosine from the core sequence (VYR) and reversing
the sequence to RYYV. VWYYR, VYYRR, and RVVY did not inhibit insulin fibrillation as confirmed by atomic
force microscopy (AFM) studies and corroborating these results with corresponding ThT and dynamic light
scattering (DLS) data, whereas VYR showed modest inhibitory effects than the rest of the peptide variants
as depicted by the ThT assay (Figures 1E-1G). Altogether, these results prompted us to select V-Y-Y-R (now
termed IS1) as a candidate for insulin stabilization and further validate its therapeutic potential in preclinical
mice models and commercial insulin formulations.

IS1 protects insulin from both heat- and storage-induced fibrillation

The kinetics of heat-induced insulin fibrillation with varying molar ratios of insulin:IS1 by revealing dose-
dependent inhibition insulin fibrillation maximally at the equimolar concentration is shown by ThT
fluorescence and AFM (Figure 2A). The interaction of insulin and I1S1 determined by isothermal titration
calorimetry (ITC) by fitting the titration curve in the one-site binding model (Figure S3A) was thermodynam-
ically favorable (AG = —4.8 kcal.mol™', AH = —18.73kcal.mol™", AS = —46.5 kcal.mol™"; K5 = 3.46 x
1073M~"). IS1 remarkably restored the hydrodynamic radius of insulin monomers, otherwise which was
increased to 1000 nm at 150 min of heating (Figure 2B). Circular dichroism (CD) spectroscopy showed grad-
ually decay in dual negative ellipticities at 208 nm and 222 nm, which indicates the loss of a-helical confor-
mation for native insulin owing to heat-induced fibrillation, whereas the presence of IS1 retained its con-
formations even after 5 h (Figure 2C and Table S2). To test its therapeutic relevance, we have tested its
antiamyloid potential in commercial human insulin formulation (Actrapid) both in the presence and
absence of commercial excipients for heat-induced and storage-induced (37°C, 30 days) fibrillation.
AFM data showed that IS1 inhibits Actrapid fibrillation by trapping insulin in lower molecular weight olig-
omeric conformations, which was further corroborated with ThT and DLS data (Figure 2D, 2E, S3B, and
S30).

IS1 maintains insulin in a thermostable bioactive conformation

To find whether IS1 confers insulin stabilization in physiologically active conformers, we performed an ITT in
mice. IS1-treated bovine insulin followed similar glucose-lowering kinetics to that of native insulin during
the ITT even after heat-induced fibrillation induction, while fibrillated insulin revealed a marked impairment
in glucose-lowering potential (Figure 3A). Next, we developed two independent disease mouse models,
streptozotocin-induced type 1 diabetes and high-fat-diet-fed type 2 diabetes. Expectedly, the addition
of IS1 significantly restored the glucose-lowering activity of insulin, effects that were comparable with
native insulin in both the disease models (Figures 3B and 3C). IS1 also preserves the bioactivity of Actrapid
even after 37°C storage for 30 days as depicted by ITT (Figure 3D). For further affirmation, we investigated
the induction of prototypical signaling cascade for the IS1-insulin complex. We observed a marked induc-
tion of Akt phosphorylation in IS1-treated insulin compared with that of fibrillated insulin both in cultured
hepatocytes (Figure S3D) and in the mouse liver (Figure 3E). Insulin-derived amyloidosis is defined as a sub-
cutaneous amyloid mass at the site of insulin injections owing to intrinsic fibrillation of commercial insulin
owing to long-term storage. To this end, we carried out amyloidoma formation assay (Figure 3F) where
repeated subcutaneous injection of fibrillated insulin forms a mass of extracellular amyloid fibrils in mice.

IS1 has limited cytotoxicity with no membrane permeability

Toward further characterization of IS1 peptide, we checked for its membrane permeability using fluores-
cein isothiocyanate (FITC)-labeled IS1 in HepG2 cells. FITC fluorescence was observed in the extracellular
space even after 24 h of incubation, whereas FITC-SLRP (Jana et al., 2018), a cell-penetrating tetrapeptide,
was detected intracellularly (Figure 4A). The spatial distribution (FITC) IS1-insulin complex showed
preferential accumulation on the cell membrane suggesting its receptor binding potential (Figure 4B).
Cytotoxicity has often been implicated in short peptides even for the cell-impermeable peptides. Both
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Figure 2. I1S1 prevents intrinsic fibrillation of insulin

(A) ThT assay of insulin fibrillation with increasing concentrations of IS1(VYYR). Inset: AFM images of heat-induced fibrillation of insulin in the presence of IS1
(scale bars, 1 um).

(B) DLS analysis as a function of incubation time of insulin (left panel) and IS1-insulin complex (right panel).

(C) CD spectra of insulin in the absence (left panel) and the presence (right panel) of IS1.

(D) AFM images of heat-induced and storage-induced fibrillation of Actrapid with IS1 in the presence and absence of excipients (scale bars, 1 pm).

(E) ThT and DLS assay for storage-induced fibrillation of Actrapid and Actrapid-IS1 in the presence and absence of commercial excipients. All experiments
were performed in triplicates, and values are presented as mean + SEM.

dose-dependent and time-course cytotoxicity assays showed limited cytotoxicity of IS1 toward HepG2
cells using live-dead and MTT assays (Figures 4C-4E). Consistently, I1S1 leads to only ~0.5% hemolysis
compared with 1% Triton X-100 (Figure 4F).

Nuclear magnetic resonance spectroscopy reveals the structure and dynamics of IS1 and
insulin interaction

For structural characterization and deciphering atomic level interaction of the insulin-IS1 complex, we per-
formed a series of nuclear magnetic resonance (NMR) spectroscopy experiments. One-dimensional STD
NMR experiment showed that aromatic protons of tyrosine Y2 (2.6 H), Y3(2.6 H); side chain of arginine
R4 QD; and the B-proton of tyrosine Y2 HB1 and Y3 HB2 interacting with insulin which was also found to
be interacting with Actrapid (Figures S4A-S4D). To reveal the atomic-level dynamics of free IS1 and IS1-in-
sulin complex, one-dimensional longitudinal (R = 1/T;) and transverse relaxation (Rz = 1/T,) experiments
were performed. We observed a significant decrease in longitudinal relaxation rate (Rq) for the IS1-insulin
complex compared with free IS1 for all amide protons. Similarly, the transverse relaxation rates (Ry) for all
the residues of IST were increased in the presence of insulin stating spin-spin energy exchange in the
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Figure 3. IS1 maintains insulin in a thermostable bioactive conformation

A-C) ITT of heat-induced fibrillated insulin with IS1 in BALB/c mice (A), preclinical models of type 1 diabetes (B), and type 2 diabetes (C) [n = 5/group].
D) ITT of storage-induced fibrillated Actrapid in BALB/c mice [n = 5/group].

E) Western blot of Akt (Ser 473, Thr 308) and p70S6K phosphorylation in BALB/c mice liver. pan AKT and B-actin served as a loading control.

F) Schematics of generating local amyloidosis in mice by subcutaneous injection of insulin amyloid fibrils.

(G) Visualization of amyloid deposition for both fibrillated insulin (left panel) and fibrillated insulin with IS1 (right panel) in skin biopsies stained with

hematoxylin and eosin (H&E) and Congo Red using light and polarized microscopy (scale bars, 100 um) [n = 3/group]. Values are presented as mean + SEM.
ns, not significant. *p < 0.05, **p < 0.01, ***p < 0.001.

(
(
(
(

horizontal plane which confirms complexation (Figure SSA). Amide exchange of insulin in presence of IS1 at
a varying temperature ranging from 25°C to 65°C showed almost no exchange dictating that IS1 prevents
unfolding of monomeric globular insulin (Figure S5B).

The '"H-"H 2-dimensional (2D) NOESY experiment has traced the NOESY contacts [Y2(peptide):Y19(insu-
lin)], [R4(peptide):N24(insulin)], [Y3(peptide):S12(insulin)], [V1(peptide):E17(insulin)], [Y3(peptide):V10(insu-
lin)], thereby identifying the atomic interactions between IS1 and monomeric insulin (Figure 5A). A
3-dimensional (3D) ("H-"H-">N) NOESY-HSQC experiment further confirmed the interaction of terminal
R4 of IS1 with ASN24 of the insulin B-chain (Figure 5B).

Based on 2D and 3D NMR spectroscopy, inter-residual NOESY distance restraints were made using a semi-
quantitative method keeping the ASN24-R4 contact strong (derived from precision dock analysis in Schro-
dinger’s suite), and the distance-restrained NMR-derived structure calculation of insulin-IS1 complex was
performed. From the final 10 restrained MD structures, the insulin-IS1 inter-residual contacts were found
and compared with the evolved 3D and 2D NOESY data set (Figure 5C). Molecular dynamics simulation

iScience 24, 102573, June 25, 2021 5
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Figure 4. IS1 serves as a potent nontoxic membrane-impermeable stabilizer for insulin
(A) Confocal microscopy images showing time-dependent cell membrane permeability using FITC-tagged tetrapeptide SLRP and IS1 (VYYR), respectively,

at 10 uM concentration for 24 h in HepG2 cell line (scale bars, 20 pm).

(B) Representative confocal images showing localization of FITC-IS1 independently and in the presence of native bovine insulin heated at 62°C for 3 h,
treated in HepG2 cells (scale bars, 20 pm). Inset represents a 5X digitally magnified image of respective samples (scale bars, 10 um).

(C) Dose-dependent live/dead cell viability assay showing live cells stained with Calcein-AM (green) and dead cells with EthD-1 (red) treated for 12 h with

both SLRP and IS1 in HepG2 cells (scale bars, 100 um).
(D) Live/Dead cell viability assay of HepG2 cells in the presence of both IS1 and SLRP independently at 10 pM concentration for 24 h in HepG2 cell line

(upper panel: scale bars 100 pm; lower panel: scale bars 20 um).
(E) Top: quantification of percent dead cells at each concentration of respective tetrapeptide IS1 and SLRP treatment. Quantified using threshold and
analyze particle function using Fiji (ImageJ) software (5 fields for each concentration of samples). Bottom: MTT assay showing the percent of viable cells at

each concentration of respective tetrapeptide IS1 and SLRP treatment.
(F) Hemolytic assay results in negligible hemolysis compared with 1% Triton X-100. Values are presented as mean + SEM. ns, not significant. *p < 0.05,

**p < 0.01, ***p < 0.001.

for free insulin and I1S1-insulin complex has revealed the interactions between Y2 (peptide) and E34 (B-chain
of insulin), V1 (peptide), and H26 (B-chain of insulin), Y3 (peptide), and Q25. The R4 of V-Y-Y-R forms a triad
H-bond network among Val10 (A chain of insulin) and Asn24 (B chain of insulin) (Figure 5D i-v). The adaptive
Poisson-Boltzmann surface area (APBS) was calculated for the insulin-IS1 complex. The blue and red sur-
faces designate positive and negative electronic charge surfaces in APBS, respectively (Figure S5D i-iii).

Previous studies suggested that B-chain N-terminal residues (Phe22-Gly29) of insulin are critical for

dimer-dimer interactions that essentially induce Ré hexameric conformation in the presence of Zn+
and phenolic excipients. The exchange of Asn24 for lysine affects monomerhexamer equilibria that allow

6 iScience 24, 102573, June 25, 2021
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Figure 5. NMR spectroscopy and restrained molecular simulation model of the insulin-IS1 complex
(A) 2D NOESY NMR peak of IS1 interacting with insulin and forming cross-peaks.

(B) 3D 15N-HSQC-NOESY spectrum of insulin in presence of IS1.

(C) The ensemble structure of restrained simulation of insulin-IS1 of the last 10 ps.
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(D,i-v) Residue specific atomic interactions depicting a triad hydrogen bond network; molecular simulation showing the interactions between Y2 (peptide)

and E34 (B-chain of insulin), V1 (peptide) and H26 (B-chain of insulin), Y3 (peptide) and Q25.

dimerization but predominantly prevent conformational transition toward Ré hexamers, even in the pres-
ence of zinc. But, protein engineering studies revealed that the removal or exchange of amino acids at B-
chain C-terminus (Tyr47-Thr51) drastically impairs the self-association of the insulin monomers (dimeriza-
tion). Interestingly, short-acting insulin glulisine bearing mutation at N24 and N50 favors monomeric
structure and is less amenable to fibrillation (Becker, 2007; Woods et al., 2012). Moreover, the N-terminal
of B chain is necessary for lateral aggregation so that the protofibrils can form fibrils (Jiménez et al.,
2002). Atomic traces from NMR and simulation studies of the IS1-insulin complex suggest that the bind-
ing of IS1 restricts insulin from having sufficient degrees of freedom to misfold under biophysical pertur-
bations while restricting conformational transitions by forming ''(R4)-(vV10-N24)™ triad hydrogen bond
network.

Dimer stability is crucial for IS1-mediated insulin stabilization

To investigate the mechanism of IS1-mediated insulin stabilization under physicochemical perturbations,
size exclusion chromatography was performed for fibrillated human insulin in the presence and absence of
IS1, while native insulin serves as a control. A broad peak was observed within the void volume for heat-
induced human insulin-depicting heterogeneous populations of large fibrillar aggregates, whereas native
insulin elutes at 118.5 mL. Interestingly, heat-induced insulin in the presence of IS1 showed 4 independent
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Figure 6. 1S1 stabilizes human insulin majorly in dimeric conformation

(A) Size-exclusion profiles of heat-induced recombinant human insulin in the presence and absence of IS1; native human insulin (without heat) serves as a
negative control. [Inset] DLS assay were performed for the eluent corresponding to major chromatographic peaks, designated by downsize arrow in size
exclusion profiles.

(B) AFM images depicting the heat-induced (62°C, 3 hours) fibrillation of excipients-depleted Lantus and Lispro in the presence and absence of 1S1

(scale bars, 1 um).

(C) AFM images depicting the prolonged storage-induced (37°C, 30 days) fibrillation of excipients-depleted Lantus and Lispro in the presence and absence
of IS1 (scale bars, 1 um).

(D) ThT data for storage-induced fibrillation of excipient-depleted Lantus and Lispro in the presence and absence of IS1.

(E) DLS analysis for storage-induced fibrillation of excipient-depleted Lantus and Lispro in the presence and absence of IS1.

(F) ITT of storage-induced fibrillation of Lantus and lispro (excipient-depleted) in the presence and absence of IS1in BALB/c mice [n = 5 mice/group]. Values
are presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001.

peaks, while major fraction elutes at 114 mL (Figure 6A). To validate the hydrodynamic properties of all
three samples, we have collected the major eluent peaks and performed DLS to reveal the hydrodynamic
radius of eluent particles. While native insulin revealed an average hydrodynamic radius of 1.358 nm, heat-
induced fibrillated insulin showing a much larger radius ranging from 531 to 3580 nm. Interestingly, fibril-
lation in the presence of IS1 not only prevents the majority of insulin monomers from getting fibrillated but
also the major fraction of eluent particles having the hydrodynamic radius ranging from 3.1 to 4.8 nm (Fig-
ure 6A, inset), which overlaps with the dimeric insulin conformers (Pease et al., 2010).

The fibrillation of insulin and its inhibition in the presence of IS1 was next determined by diffusion ordered
spectroscopy (DOSY). The larger size (high molecular weight) molecules diffuse at a slower rate than that of
smaller size molecules (low molecular weight). The diffusion coefficient obtained from DOSY at 25°C

for heated insulin was found to be lower (D = 9.4 x 10 °cm?sec™ ") than that of the insulin-1S1 complex
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(D=2.2 % 10"* cm?sec™ ). Besides, the molecular weight of insulin without treatment of IS1 after 4 h incu-
bation at 62°C was approximately 57.0 kDa, supposedly the soluble oligomeric insulin and the insulin-1S1
complex showed much lesser molecular weight approaching 10 kDa representing dimeric insulin
conformer (Tables S4A and S$4B). These data indicate that the free-insulin undergoes heat-induced oligo-
merization and conformational switch before its fibrillation, while IS1 protracts insulin oligomerization and
hence later aggregation events.

These results prompted us to hypothesize the existence of an IS1-mediated conformation trap between
stable hexamer and partially unfolded monomers toward fibrillation. To this end, we have checked the
antiamyloid potential of I1S1 for two commercially available insulin analogs, Lantus (long-acting) and Lis-
pro (fast-acting). These two analogs were strategically developed majorly to favor hexameric and mono-
meric conformation, respectively (Figure S6). We removed the existing commercial excipients from both
the formulations (Figure S7) for avoiding excipient-induced conformational bias. Interestingly, I1S1 signif-
icantly protracts fibrillation of Lantus by forming a smaller oligomeric complex in both the storage- and
heat-induced condition as depicted by AFM, ThT, and DLS data, whereas it fails to do so for Lispro (Fig-
ures 6B-6E). ITT for both Lantus and Lispro in storage-induced fibrillation conditions showed no
glucose-lowering potential for Lispro while markedly preserving the physiological role for Lantus
(Figure 6F).

We observed a similar trend in the presence of commercial excipients for both Lantus and Lispro (Figures
S8 and S9). The one-dimensional STD NMR experiment validated that aromatic protons of tyrosine Y2
HB2, Y3Ha, Y3 side chain protons, R4 Ha, and V1 Ha of IS1 interacting with Lantus, while no significantly
interacting protons were observed with Lispro (Figure S10A). Even prototypical insulin signaling in
HepG2 cells suggests IST-mediated insulin stabilization leads to biologically active conformers for
Actrapid and Lantus but not for Lispro (Figure S10B). Lispro was strategically developed by switching po-
sitions of *’Pro-*°Lys to *Lys->"Pro, which greatly reduces its dimerization potential, making it predom-
inantly monomeric fast-acting insulin analog. Hence, dimerization is a crucial determining factor for the
antiamyloid potential of 1S1, thereby failing to preserve Lispro from physicochemical perturbation-
induced fibrillation.

DISCUSSION

The current advocacy of intensive insulin therapy regimens in patients with diabetes is met with several clin-
ical problems - insulin is proamyloidogenic and forms insoluble aggregates resulting in excess insulin
requirement; amyloidoma formation at the site of repeated insulin injection; gradual loss of excipients
and deposition of fibrils in the catheter system of insulin pumps; and temperature-sensitive insulin fibrilla-
tion entails storage and maintenance of cold chain. Even mild agitation of insulin during its storage and
transport has been reported to denature the protein through fibrillation, resulting in its inactivation. These
issues thereby call for a more stable form of formulations that would cater to the increasing global demand.

Taking cues from the conformation-selective surface exposure of “YYR" motif associated with the B-sheet
structure in misfolded prion protein PrP*¢, we discovered a consensus amino acid sequence VXYR as a
potent inhibitor for both purified and commercial insulin formulations. Specifically, the endogenous prion
sequence VXYR (termed here IS1), a plasma-membrane-impermeable, nontoxic tetrapeptide showed
remarkable protraction of insulin fibrillation on heating and during prolonged storage, maintained hypo-
glycemic effects in vivo, and prevented subcutaneous amyloidoma formation. These effects were mediated
via direct binding of IS1 to insulin monomer through a triad hydrogen bond network that leads to nonca-

|

nonical dimer-mediated conformational “trapping” of insulin.

Toward development of insulin formulations with lower amyloidogenicity, newer excipients as well as
chemically modified insulin moieties are being reported. Recent studies depicted generation of ther-
mostable insulin by adding polysialic acid and proline-based homopolymer at specific amino acid
residues (Ghosh et al., 2020; Kabotso et al., 2020). Aromatic small molecules such as resveratrol and
rosmarinic acid were shown to enhance the biophysical stability of native insulin while preserving its
physiological activity by stabilizing the hexameric form or preventing dimer dissociation, thereby re-
stricting the thermal unfolding of monomers (Pathak et al., 2020; Zheng and Lazo, 2018). In the present
study, we have identified IS1 or VYYR, isosequential to the B-2 strand of human PrP¢, as one small
endogenous tetrapeptide motif that prevents both heat- and storage-induced insulin fibrillation both
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in vitro and in vivo and described a noncanonical molecular mechanism for inhibiting insulin fibrillation.
Peptide screening assay further highlights the position-specific sequence conservation of IS1 in preser-
ving its antiamyloid potential with a consensus amino acid sequence V-X-Y-R having a potent antiamy-
loid activity.

Mechanistically, 1S1 predominantly binds to the N-terminal of B chain of insulin, forming a triad
hydrogen bond network (R4 (peptide)-V10(insulin)-N24(insulin)). Interestingly, short-acting insulin gluli-
sine bearing mutation at N24 and N50 favors monomeric structure and is less amenable to fibrillation
(Becker, 2007; Woods et al., 2012; Zhou et al., 2016). Direct interaction of IS1 to N24 may thus confer
its conformational stability. The residues from 31 to 41 of B chain form the hydrophobic core in insulin
fibril, while residues of 13-18 of A chain are susceptible to conversion from a-helix to beta strands
when misfolded. Moreover, the N-terminal of B chain is necessary for lateral aggregation so that
the protofibrils can form fibrils (Jiménez et al.,, 2002). STD NMR deciphered Y2 (2.6 H), Y3 (2.6 H),
Y2 (HB1), and Y3 (HB2) protons of IS1 interact with insulin monomer. Insulin in solution confers bioac-
tive monomer to zinc-coordinated less-active hexameric forms transitioning through intermediated
dimeric states. While monomeric forms are more susceptible to fibrillate, hexamers are somewhat im-
mune to fibrillation. DLS data of the size-exclusion chromatography profile suggested that the binding
of IS1 to insulin preferentially “trap” insulin in the dimeric conformation (Figure 6A), which not only
limits the degrees of freedom to misfold under biophysical perturbations but allows the release of
active monomers as needed.

IS1-stabilized insulin showed glucose-lowering ability and signaling potential that were comparable with
native insulin. Experiments in type 1 and type 2 diabetes mellitus mice models and different commercially
available insulin formulations in the presence and absence of excipients for both heat- and prolonged stor-
age-induced insulin fibrillation further suggests its therapeutic potential. Peptide solubility holds the major
concern restricting the potential use in commercial formulations. We find IS1 is highly soluble in citrate
phosphate buffer (pH 2.6) up to 10 mM concentration (the maximum concentration that we have checked)
and in distilled water. Moreover, the tetrapeptide is soluble in various commercial insulin formulations
(Actrapid, pH 7; Lispro, pH 7-7.8; and Lantus, pH 4) both in the presence and absence of variable salts
and nonpolar excipients for at least 1 mM concentration. IS1 is cell-impermeable and nontoxic and has pre-
viously been shown to be nonimmunogenic (Caughey, 2003; Paramithiotis et al., 2003; Taschuk et al., 2014),
further attributing to its future potential as a thermostable insulin stabilizer.

Limitations of the study

The present study has few potential limitations which we believe could create future research opportu-
nities. Although we have generated compelling NMR data for elucidating mechanistic underpinnings of
IS1's antiamyloid potential, it still remains incomplete. X-ray crystallography of the IS1-insulin complex
would better clarify the molecular mechanism. Moreover, cellular toxicity data are preliminary and further
in vivo studies including pharmacokinetic and pharmacodynamic profiles would be required for possible
future development of therapeutics.
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