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Abstract

The venomous insulin-like peptides released by certain cone snails stimulate hypo-
glycemic shock to immobilize fish and catch the prey. Compared to human insulin
(hIns), the cone snail insulins (Con-Ins) are typically monomeric and shorter in
sequence, yet they exhibit moderate human insulin-like biological activity. We have
modeled six variants of Con-Ins (G3, K1, K2, T1A, T1B, and T2) and carried out
explicit-solvent molecular dynamics (MD) simulations of eight types of insulins, two
with known structures (hIns and Con-Ins-G1) and six Con-Ins with modeled struc-
tures, to characterize key residues of each insulin that interact with the truncated
human insulin receptor (#IR). We show that each insulin/uIR complex is stable dur-
ing explicit-solvent MD simulations and hlns interactions indicate the highest affinity
for the ‘site 1’ of IR. The residue contact maps reveal that each insulin preferably
interacts with the aCT peptide than the L.1 domain of IR. Through analysis of the
average non-bonded interaction energy contribution of every residue of each insulin
for the uIR, we probe the residues establishing favorable interactions with the recep-
tor. We compared the interaction energy of each residue of every Con-Ins to the yIR
and observed that y-carboxylated glutamate (Gla), His, Thr, Tyr, Tyr/His, and Asn in
Con-Ins are favorable substitutions for GluA4, AsnA21, ValB12, LeuB15, GlyB20,
and ArgB22 in hlns, respectively. The identified insulin analogs, although lacking
the last eight residues of the B-chain of hlns, bind strongly to 4IR. Our findings are
potentially useful in designing potent fast-acting therapeutic insulin.
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INTRODUCTION

Animal venoms are a concoction of small proteins or peptides which are used as an arsenal to immobilize their prey >3, In con-
trast, some of them are approved for the treatment of a wide range of human pathophysiological conditions >%7-8%10 Specifically,
cone snails release specialized insulin-like protein toxins in water to immobilize fish and catch their prey. Recent studies have
shown that the insulin from C. geographus (Con-Ins-G1) severely lowers the blood sugar level and induces hypoglycemic shock
in the fish!'!. Menting et al. '? also reported Con-Ins-G1 as the smallest naturally available potent agonist of the human insulin
receptor (hIR). Other studies have identified C. tulipa and C. kinoshitai, along with C. geographus species of cone snail, that
release specialized insulins for fish hunting '3, The primary sequences of these insulin-like peptides are not well conserved,
though the architecture of disulfide bonds of the cone snail insulin family members are very similar to the fish insulin and hlns 3.
The hIns mostly occurs in dimeric or hexameric forms but the multimeric forms of hlns needs to dissociate into the monomeric
form to bind to and activate the hIR 4131617 The C-terminal residues of the B-chain of hlns (e.g., PheB24, PheB25, and TyrB26)
play a key role in insulin’s self-assembly into higher order forms. Efforts have also been made to obliterate the multimerization
of hlns by trimming the last eight residues of the C-terminal of the B-chain, thereby creating the des-octapeptide(B23-B30)
insulin (DOI); however this analog loses its biological activity significantly '®. Intriguingly, cone snail insulins are monomeric,
as they lack the B-chain C-terminal residues of the hlns (GlyB23-ThrB30), yet they show modest binding affinities for hIR '3.
Recently, Xiong et al. ' investigated the structure-activity relationship of the Con-Ins-G1 and reported a fully active monomeric
insulin analog, mini-Ins, which was derived from Con-Ins—Gl1 after incorporating four mutations (HisA8, ArgA9, GluB10, and
TyrB20) into DOL.

The hlns is a small protein hormone (51 residues) comprised of two chains, termed the A-chain (21 residues) and the B-
chain (30 residues)?’. Structurally, insulin is mainly a helical protein (A-chain has two short helices and the B-chain contains a
single longer helix) and consists of three disulfide bonds (CysA6-CysAll, CysA7-CysB7, and CysA20-CysB19). The mature
insulin triggers a cascade of signaling reactions on binding to the extracellular domains of hIR and plays a major role in glucose
homeostasis>'?2. Moreover, insulin binding to hIR displays negative cooperativity >* and allosteric activation of the receptor?.
Insulin deficiency or insensitivity often leads to type I or type II diabetes mellitus >, Biochemical and modeling studies have
reported that insulin and hIR interact via two binding patches termed as ‘site 1’ and ‘site 2’ 27-2829:30.31,32.33

The ‘site 1’ of insulin, also known as the “classical binding surface”, involves both A-chain residues (Gly1, Ile2, Val3, Glu4,
Tyr19, and Asn21) as well as B-chain residues (Gly8, Ser9, Leull, Vall2, Tyrl6, Phe24, Phe25, and Tyr26), and primarily
interacts with specific residues of first leucine-rich (L1) domain and the C-terminal region of the a-chain (aCT) of the hIR,
known as complementary ‘site 1’ of hIR, composed of the following residues: Aspl2, llel3, Argl4, Asnl5, Gln34, Leu36,

Leu37, Phe39, Glu44, Phe64, Tyr67, Phe89, Asn90, Tyr91, Phe705, Glu706, Asp707, Tyr708, Leu709, Asn711, Val712, Phe714,
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Pro716 and Arg717. The ‘site 2’ of insulin is thought to be formed by the following residues: Thr8, Ile10, Ser12, Leul3, and
Glul7 of the A-chain and His10, Glul3, and Leul7 of the B-chain, and likely interacts with the residues near the junction of
the loop regions of two fibronectin type-III repeat domains (FnlII-1 and FnlII-2) of hIR consisting of residues Lys484, Leu552,
Asp591, 11e602, Lys616, Asp620 and Pro621303435 The “site 1’ of insulin likely binds with a higher affinity with the ‘site 1° of
hIR and most of the ‘site 1’ residues of insulin are in close proximity with the aCT peptide?°. Specifically, the binding affinity
of the recently reported mini-Ins !° for ‘site 1’ (referred as the “primary site” in the study) of hIR is 128 fold lower than that of
the hlns. Further, molecular dynamics (MD) simulation studies revealed that the mini-Ins likely binds to the “secondary site”
(binding surface formed by the loops of the FnllIl-1 domain) and the “transient site” (binding surface formed by the f sheets of
the FnlIlI-1 domain) of hIR with higher affinity and thus showed similar potency toward hIR '°.

The alignment of the sequences of Con-Ins with the sequence of hlns suggests a lower sequence conservation (Figure 1)
although GlyAl, ValA3, GlyB8, SerB9, and all cysteine residues of hlns are conserved within Con-Ins. Even though Con-Ins
lack the eight C-terminal residues of the B-chain critical for hIns dimerization and biological activity, these peptides can notably
lower the blood glucose level in zebrafish and mouse models '3. The reported studies investigated the binding of hIns and Con-
Ins—G1 to hIR and derived an equally potent surrogate of insulin from the venom of C. geographus'>'>1°. However, due to the
lack of structural data on the complexes of venom insulins from C. tulipa or C. kinoshitai with hIR, the interactions between
them are poorly understood. Given the need to identify a potent surrogate of hlns, structural modeling and molecular simulation
techniques are useful tools to decipher the binding interactions of Con-Ins with hIR. The purpose of this study is to construct
structural models of the six types of Con-Ins (G3, K1, K2, T1A, T1B, and T2) based on sequences reported by Ahorukmeye et
al. "3 and study their residue-level interactions with the hIR using MD simulations. Based on structural features and interactions
of Con-Ins with uIR, we propose six residue substitutions in hlns, which are critical for the activity of monomeric Con-Ins for
hIR, although Con-Ins lack several residues in the C-terminus of the B-chain that are otherwise present in hlns. We designed
two insulin analogs based on our proposed substitutions and further studied their binding and interactions with uIR, thereby
revealing the enhanced binding of these analogs to hIR. These results will potentially motivate future design of potent insulin

analogs.

MATERIALS AND METHODS

Structural modeling of cone snail insulins

We obtained the Con-Ins sequences of C. geographus (G3), C. kinoshitai (K1 and K2), and C. tulipa (T1A, T1B, and T2)
from the previous work by Ahorukomeye et al.'3. We modeled the tertiary structure of these six venom insulins using MOD-

ELLERV9.103¢. We used the structure of the cone snail insulin from C. geographus (G1, PDB ID: 5]YQ) as a template during
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model building using the homology modeling approach3’. We initially transformed the post-translationally modified (PTM)
unnatural residues present in the sequences of Con-Ins to their nearest natural amino acid homolog. For example, we consid-
ered the residues y-carboxylated glutamate (Gla) and hydroxyproline (Hyp) of the cone snail insulins as glutamic acid (Glu) and
proline (Pro), respectively. We used the multi-chain modeling approach to predict the structures of cone snail insulins with the
A- and B-chains and preserved the disulfide bonds present in the template during model generation. We generated 200 models
of each insulin using the MODELLER and the best model was selected based on the lowest discrete optimized protein energy
(DOPE) score 8. We then used the Vienna-PTM 2.0 online portal® to revise the transformed residues, which were modified
from unnatural to natural amino acids during the structure prediction, to their wild-type PTM form in the modeled cone snail
structures. Before performing MD simulations, we further used the PROPKA online portal*° to assign correct protonation states

to the side-chains of residues at a pH value of 7.

Structural modeling of insulin/uIR complexes

We obtained the initial coordinates of the crystal structures of hlns (PDB ID: 6VEP) and Con-Ins—G1 (PDB ID: 6 VEQ) bound
to the truncated hIR (uIR) from the Protein Data Bank (PDB). Specifically, the uIR construct is comprised of residues 1-154
of the L1 domain and a short C-terminal peptide of the a-chain composed of residues 704—719 («CT). We modeled the missing
residues in the crystal structure of hIns and Con-Ins—G1 bound to IR using MODELLERV9.10. Using the PyMOL software*!,
we then performed an all-atom structural alignment of each modeled cone snail insulin structure on the Con-Ins-G1 structure
(PDB ID: 6VEQ) to obtain their complexes with the uIR. Overall, we obtained eight insulin-uIR complexes, two among which
were experimentally determined structures (each for the hIns and Con-Ins-G1 in complex with the 4IR) and the remaining six

were modeled Con-Ins structures in complex with the yIR.

Setup for all-atom MD simulations

To simulate the Con-Ins structures with PTM residues, we performed classical all-atom MD simulations of various insulins and
their complexes with IR using the GROMACSv2020.4 software package*? combined with the modified GROMOS ffG54a8
force-field*® with extended parameters from the Vienna-PTM server®. Each insulin or insulin-#IR complex was placed at the
center of a dodecahedron box extending a minimum distance of 12 A from any atom of the protein and solvated by the SPC
explicit water model **. Next, the requisite sodium and chloride ions were added to neutralize and maintain an ionic concentration
of 140 mM of salt in each system. Each system was minimized using the steepest-descent algorithm*. The minimized systems
were equilibrated at 300 K for 500 ps using the Berendsen thermostat with a coupling time of 0.1 ps. Further, the systems were
equilibrated using the Berendsen barostat at 1 atm pressure for 10 ns. The heavy atoms of each peptide or protein during the

initial minimization and equilibration steps were positionally restrained. We used periodic boundary conditions, a non-bonded
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cut-off of 14 A, and calculated the long-range electrostatic interactions using the particle-mesh Ewald method*®. The bond-
lengths were constrained using the LINCS algorithm*’ and time-step of 2 fs was used in all simulations. After equilibration,
the restraints were removed and longer runs for 500 ns were performed in the NPT ensemble. The V-rescale thermostat with a
coupling time of 1.0 ps was used during the longer timescale MD simulations*3. The coordinates from simulation trajectories
were saved at every 20 ps. The analyses of MD trajectories were performed using the tools in GROMACS*’ and VMD*. Each
set of simulation was performed in triplicate for each insulin as well as the insulin-4IR complex. The details of all the MD

simulations are summarized in Table S1.

RESULTS

Structural models and all-atom MD simulations of unbound Con-Ins structures

Using the comparative modeling approach, we generated the tertiary structures of six different variants of cone snail insulins: G3,
K1, K2, T1A, T1B, and T2 (Figure 2A). We preserved the secondary structure components (3 helices) and three disulfide bonds
during model building and retained all unnatural PTM residues. The all-atom root mean squared deviation (RMSD) obtained
after superimposing each model on the Con-Ins-G1 template are less than 1 A which implies that the predicted initial structures
are consistent with the template used.

To study the conformational stability and variability of the modeled Con-Ins structures, we conducted three independent
conventional MD simulations (each 500 ns long) of each Con-Ins in an aqueous environment. We applied the Gromos clustering
algorithm>! using a RMSD cut-off of 2 A on the ensemble of insulin structures generated from the last 400 ns of each simulation
trajectory. We selected the central structure of the dominant cluster as the representative conformer of each insulin after the MD
simulation. We then superimposed each representative insulin conformer on their starting structure (Figure 2B) to observe any
major structural differences. Among the superimposed structures, Con-Ins-K1 and Con-Ins-K2 showed the highest deviations
(RMSD >3.0 A) from the initial structure due to additional residues at the C- and N-termini of the A- and B-chains, respectively.
Those residues are flexible given their location in the unstructured regions which significantly contributes to the higher RMSD
of the conformers. The models with comparatively smaller sequence length (Con-Ins-G3, Con-Ins-T1A, Con-Ins-T1B, and

Con-Ins-T2) showed lower RMSD values (Figure 2B).

All-atom MD simulations of insulin-uxIR complexes

Using conventional MD simulations, we equilibrated each insulin-uIR complex in an aqueous environment for 500 ns. To assess
the stability of the complexes, we calculated the time evolution of the center of mass (COM) separation between each insulin and

the uIR, averaged over three independent simulations (Figure S1). We found that the complexes are stable and the ligand-receptor
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pairs maintained contact throughout each simulation. To examine the effect on the structure of each insulin after binding to the
uIR, we also tallied the distributions of the RMSD from receptor-bound insulin simulations with the unbound MD simulations
of each insulin (Figure 3). We observed that the peak of the RMSD histograms of bound insulins are at lower RMSD values in
comparison to the RMSD peak for respective unbound insulins, which implies that the native like structure of the bound insulins
were more preserved than those of unbound insulins.

To further delineate the influence of binding of insulin to xIR on the fluctuations of residues, we calculated the change in
the root mean squared fluctuation (ARMSF) per residue of each bound insulin relative to each unbound insulin (Figure S2).
The ARMSF data revealed that the conformational fluctuations in residues of each insulin decrease on binding to uIR. The
fluctuations of the residues of hlns in the helical regions decreased more than the unstructured regions (formed by loops and
turns). Additionally, the fluctuations of the C-terminal residues of the B-chain of hlns significantly decreased on binding to
ulR. We also observed a significant reduction in the flexibility of the Con-Ins residues in the bound state with uIR. These
observations have implications on the interaction of insulins with yIR because those residues for which conformational fluctu-

ations decreased most likely participate in favorable interactions with the receptor.

Insulin-uIR interactions

To elucidate the residues having favorable contacts, we computed the residue-residue distance correlations from the simulation
trajectories and mapped them on a contact map for each insulin-uIR complex. Specifically, we calculated the distances between
the center of mass of each residue of the insulin and uIR averaged from three simulation runs and projected on 2D contour maps
(Figure S3). Notably, the C-terminus of each insulin chain shows residue contacts with the N-terminal residues of the L1 domain
and the aCT peptide of uIR. The B-chain of hlns, with a longer C-terminal segment (B23-B30), shows favorable contacts with
the N-terminal residues of the L1 domain and the N-terminal residues of the aCT peptide of uIR. However, Con-Ins having
shorter B-chains lack these interactions with the N-terminal residues of the L1 domain and the aCT peptide, which is likely a
reason for their lower binding affinity. The contact maps reveal that each insulin preferably interacts with the «CT peptide of
uIR, which is consistent with the previous work 2.

We also assessed the average non-bonded interaction energy (cumulative van der Waals and electrostatic interaction energies)
between all residues of each insulin and all residues of yIR from three independent simulations (Figure S4). The non-bonded
interaction energy of hlns to uIR is the lowest (-938+182 kJ/mol) followed by T1A (—654+141 kJ/mol), K1 (-626+145 kJ/mol),
T2 (-623+117 kJ/mol), T1B (—604+130 kJ/mol), G3 (-566+122 kJ/mol), G1 (-561+113 kJ/mol), and K2 (-522+101 kJ/mol).
The negative non-bonded energies suggest favorable interactions between each insulin and yIR. As the interactions are stable,
we sought to identify key residues of each insulin variant that can be attributed to their reduced or enhanced biological activity

for uIR.
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Therefore, we calculated the average non-bonded interaction energy contribution of each residue of each insulin for the uIR
(Figure 4A) and identified the interactions common in at least two representative structures, the central conformer of the most
populated cluster, from three independent MD simulations to delineate the crucial insulin residues engaged in the interaction
with the receptor. We observed that the N-terminal residues (Gly1-Glu4) of the A-chain of hlns interact with the His710, Asn711,
and Phe714 of the aCT peptide (Figure 4B). The aCT residue His710 also exhibits hydrophobic interactions with the residues
ValA3, GlyBS8, and ValB12 of hlns (Figure 4C). The residue Phe714 of aCT is oriented toward the hydrophobic pocket formed
by GlyAl, IleA2, ValA3, TyrA19, LeuB11, and LeuB15. The C-terminal residues (AsnA18 and TyrA19) of the hlns’s A-chain
establish favorable interactions with the Phe714, Pro716, and Arg717 of the aCT peptide (Figure 4D). The side chain of PheB25
interacts with the Pro716, Arg717, and Pro718 of the aCT peptide (Figure 4E). The side chain of TyrB16 and ValB12 pairs
with the residues Phe39 and Phe64 of the L1 domain, respectively (Figure 4F-G). The side chain of GluB13 forms a salt-bridge
with the side-chain of Arg65 of the L1 domain (Figure 4H). The observed interacting residues are in agreement with the ‘site
1’ binding surface of hlns reported in the literature '213:27:28,

The Con-Ins structures lack nine residues that are present at the C-terminus of the B-chain of hIns. The Con-Ins also exist in
the monomeric form and are known to activate IR 3. Xiong et al. '° have interpreted crucial interactions between the Con-Ins-
G1 and uIR based on the crystal structure. They elucidated that Con-Ins-G1 lacks the aromatic triplet PheB24-PheB25-TyrB26
of hlns, yet it binds to uIR. We have carried out MD simulations of the experimental structure of the Con-Ins-G1/ulIR complex
and computed the average per residue energy contribution which illustrates that Con-Ins-G1 mostly interacts with the N- and C-
terminal residues of the A-chain and with the residues in the C-terminus of the B-chain (Figure 4A). Among the PTM residues,
GlaA4 showed significant non-bonded interaction by establishing a stable hydrogen bonding interaction with the Asn711 of the
aCT peptide (Figure 41), which is consistent with the previous work '°. We also observed that the average energy contribution
of the Con-Ins-G1’s GlaA4 is substantially lower than the hlns’s GluA4, thus Gla4 is a potential substitution to enhance the
activity of a mutant insulin. We observed that TyrB17 of Con-Ins-G1 occupies the space inhabited by PheB24 of hlns (Figure
4J), which is in agreement with the earlier reports'>!?. Similarly, we suggest residues ThrB14 and TyrB22 of Con-Ins-G1 as
possible substitutions for the residues ValB12 and GlyB20 of hlns, respectively, as they exhibit relatively lower non-bonded
energies. The residues ThrB14 and TyrB22 of hIns form hydrogen bonds with the side-chains of residues Arg65 and Asnl5,
respectively, of the L1 domain (Figure 4K-L).

The pattern of per residue binding energy of Con-Ins-G3 is similar to the Con-Ins-G1 (Figure 4A), with marginal differences.
The Con-Ins-G3 PTM residue, GlaA4, also forms a hydrogen bond with the residue Asn711 of aCT, as also observed in Con-
Ins-G1. The TyrB17 residue of cone snail insulins, also known as a surrogate for hlns’s PheB24 !2, occupies the hydrophobic

pocket formed by Asnl5, Leu37, and Phe39 of the L1 domain and Phe714 of the aCT peptide (Figure 4M). The C-terminal
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residue of Con-Ins-G3, HisB22 shows a higher non-bonded energy, formed favorable interactions with Phe39 and Arg4?2 of the
L1 domain (Figure 4N), and may be selected as a probable replacement for GlyB20 of hlns.

The sequence alignment of Con-Ins with hlns (Figure 1) reveals that the C-terminus of the A-chain in both Con-Ins-K1 and
Con-Ins-K2 is longer compared to hlns, while the N-terminus of the B-chain in both Con-Ins-K1 and Con-Ins-K2 is longer
compared to hlns. The N-terminal residues of the A-chain of the Con-Ins-K1, GlyAl and [leA2, interact with the Phe714 residue
of the aCT peptide (Figure 40). The main-chain of GluA18 interacts by establishing a hydrogen bond with the side-chain of
Arg717 (Figure 4P). The non-bonded binding energy contribution of HisA21 of Con-Ins-K1 (—49.41 kJ/mol) is significantly
lower than the residue Asn21 of hlns (—18.22 kJ/mol), thus the His residue is more likely to fit at the 21%* position of hlns. The
side-chain of the HisA21 of Con-Ins-K1 interacts with the residues Argl4 and Asnl5 of the L1 domain of uIR (Figure 4Q).
However, the per residue energy plot suggests that Con-Ins-K2 interacts moderately with uIR (Figure 4A), except that the end
residue AsnB27 shows the lowest non-bonded interaction energy. The side-chain of AsnB27 residue of Con-Ins-K2 forms a
hydrogen bond with the main-chain of Asn15 of the L.1 domain (Figure 4R). Thus, the Asn residue may be a potential substitution
for ArgB22 of hlns.

The Con-Ins-T1A, Con-Ins-T1B, and Con-Ins-T2 sequences are very similar (Figure 1) and they exhibit comparable non-
bonded binding energy with the residues of uIR (Figure S4). The residues ProB14 and IleB18 occupy a pocket on the surface
of the L1 domain formed by residues Phe39, Arg65, and Tyr67 residues (Figure 4S). The side chain of TyrB17 of T1A, also
known as a surrogate for hins’s PheB24, interacts with the residues Phe39 (L1) and Phe714 (a«CT) (Figure 4T). The residue
PheB20 interacts with the residues Lys40 and Arg42 of the L1 domain (Figure 4U). We noticed that the per residue non-bonded
interaction energy (Figure 4A), and the interaction pattern of Con-Ins-T1B and Con-Ins-T2 with yIR are very similar to Con-
Ins-T1 (Figure S7). The residues GlaA4 and TyrB17 of Con-Ins-T1A, Con-Ins-T1B, and Con-Ins-T2 exhibit significantly lower
interaction energies for IR than the residues GluA4 and LeuB15 of hlns. These two residues (GlaA4 and TyrB17) are thus
crucial and they may be potential substitutes in a modified insulin with enhanced biological activity.

Thus, we assessed the non-bonded interaction energy contribution with the IR for each residue of hlns with each residue at
the equivalent position in seven variants of Con-Ins and observed that certain Con-Ins residues demonstrate noticeable lower
interaction energies (i.e. stronger interactions) in comparison to the hlns residues at equivalent positions (Figure 5A). Specif-
ically, Con-Ins residues Gla (Figure 5B), His (Figure 5C), Thr (Figure 5D), Tyr (Figure SE), Tyr/His (Figure 5F/G), and Asn
(Figure 5H) exhibit lower interaction energy with the 4IR in comparison to the hlns residues GluA4, AsnA21, ValB12, LeuB15,
GlyB20, and ArgB22, respectively.

Based on these proposed substitutions, we designed the structural models of two insulin analogs (Figure 6A). The analogs
are shorter in length, as they lack the last eight residues of the B-chain of hlns, and they differ from each other only by one

residue at position 20 of the B-chain; analog 1 and analog 2 consist of residues Tyr and His at position 20, respectively. Each
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analog in complex with the uIR was subjected to triplicate all-atom MD simulations (Table S1). We calculated the average
non-bonded interaction energy between residues of these analogs and yIR. We observed that the average interaction energy of
analog 1 (-963+141 kJ/mol) for uIR is lower than that of the analog 2 (-771+149 kJ/mol), and significantly lower than each
Con-Ins/uIR complex (>—654+141 kJ/mol), and most importantly, even lower than the interaction energy of hlns with the yIR
(-938+182 kJ/mol). To further scrutinize the significance of these substitutions, we estimated the difference of the non-bonded
interaction energy (AE) of each residue of analog 1 (Figure 6B) and analog 2 (Figure 6C) from the non-bonded interaction
energy of respective residues of hlns. The substituted residues: GlaA4 (Figure 6D), HisA21 (Figure 6E), ThrB12 (Figure 5F),
TyrB15 (Figure 6G), Tyr/HisB20 (Figures 6H and 6I), and AsnB22 (Figure 6J) significantly enhance the binding energy of
analogs to uIR. Among these six substitutions, TyrB15 and AsnB22 significantly boost the affinity of the analogs for uIR. The
higher energy contribution by residues TyrB15 and AsnB22 of analog 1 in comparison to the equivalent residues in analog 2
explains the better binding energy of the former. Except the residues GlyAl, GluA17, AsnAl8, TyrA19, GlyB8, SerB9, and

HisB10 of the analogs, other residues favor the enhanced binding to uIR.

DISCUSSION

The transition of hIns from a hexamer to a monomer impedes its bioavailability and delays the pharmacological activity 121929,

Certain cone snail venom insulin-like peptides have inherited the ability to bind to and activate the hIR, though they are
monomeric and have a shorter sequence length than hlns. In this work, we have investigated the key residues of cone snail venom
insulins interacting with the ‘site 1’ of yIR using all-atom MD simulations with the aim to understand the characteristic fea-
tures of a bioactive insulin based on interactions of Con-Ins with the receptor. We studied two experimentally available insulin
structures (hIns and Con-Ins-G1) and six modeled structures of cone snail venom insulin like proteins (Con-Ins-G3, Con-Ins-
K1, Con-Ins-K2, Con-Ins-T1A, Con-Ins-T1B, and Con-Ins-T2). The alignment of the primary sequences of all insulin proteins
suggests that the sequence identity between the hlns and Con-Ins sequences are lower (< 30%). Contrary to the disparity among
their sequences, the Con-Ins show notable hlns like molecular mechanism 3. Among the Con-Ins, the sequence of the A-chain
is more conserved than the B-chain (Figure 1).

First, we modeled the tertiary structures of six cone snail insulin like peptides and then performed conventional MD simu-
lations of each model to examine their stabilities in an aqueous environment. We observed that the structures of the modeled
insulins are maintained throughout simulations with marginal flexibilities for residues in the loop regions. Next, we simulated
each insulin docked to the ‘site 1’ of IR and we observed that the RMSD and per residue RMSF of the insulins bound to IR
are lower than that of the unbound insulins. The total non-bonded interaction energy between each insulin and uIR suggests
that the hlns has a higher affinity for the receptor than Con-Ins. Additionally, we estimated the per residue contribution of each

insulin based on the total non-bonded interaction energy to delineate key residues interacting with the uIR. Interestingly, the
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last eight residues of the B-chain of hlns contribute ~40% to the total non-bonded binding energy, thus explaining the notable
loss of potency of DOI for the hIR !8. We have also observed that the first four and the last five residues of the A-chain (GlyAl,
IleA2, ValA3, GluA4, GluAl7, AsnAl8, TyrA19, CysA20, and AsnA21), and the B-chain residues (SerB9, ValB12, TyrB16,
PheB24, PheB25, TyrB26, ThrB27, LysB29, and ThrB30) of hlns are key residues interacting with the ‘site 1’ of yIR. Similarly,
the N- and C-terminal residues of the A-chain, and certain residues of the B-chain of cone snail insulins (starting from the 10th
position) are primarily involved in interactions with the uIR.

Among the key interacting residues of the A-chain of hlns and Con-Ins-G1, the GlaA4 residue of the venom insulin forms a
stable hydrogen bond with the side-chain of the residue Asn711 of the aCT peptide and exhibits significantly lower non-bonded
interaction energy. The residues ThrB14 and TyrB22 of Con-Ins-G1 show stronger interactions than the residues ValB12 and
GlyB20 at the equivalent positions of hlns (Figure 1). Therefore, we recommend residues Gla, Thr, and Tyr from Con-Ins-G1
as probable replacements at the 4" position of the A-chain and the 12" and 20'" positions of B-chain of hlns, respectively. The
per residue interaction pattern of Con-Ins-G3 and Con-Ins-G1 are very similar, except that the residue HisB22 of Con-Ins-G3
shows a relatively enhanced binding affinity for the uIR. Hence, we propose that replacing the GlyB20 of hlns by a His residue
may enhance the binding affinity of an insulin analog for the receptor.

We compared the per residue non-bonded interaction energy of Con-Ins-K1 and Con-Ins-K2 variants with the hlns. Both
venom insulins include a longer fragment (3-5 residues) at the C- and N-termini of the A- and B-chains, respectively. The
C-terminal residues of Con-Ins-K1 exhibit lower non-bonded interaction energies than the C-terminal residues of hlns. We
observed that the residues HisA21, ThrA22, LeuA23, and GlnA24 of Con-Ins-K1 have significant per-residue binding energies
with the residues of the receptor. Based on these binding energies, we propose that replacing AsnA21 of hins with HisA21
may be potentially useful in enhancing the binding affinity of the obtained insulin analog, which will have the same length of
sequence as the A-chain of hlns. Both Con-Ins-K1 and Con-Ins-K2 have Asn as the end residue (Figure 1), and the calculated
non-bonded energy obtained for them are significantly lower than the equivalent residue of hns at the 22" position, i.e., ArgB22
(Figure 4A). Hence, replacing ArgB22 of hIns by Asn will likely increase the binding affinity of a modified insulin analog.

The sequences of Con-Ins-T1A, Con-Ins-T1B, and Con-Ins-T2 are mostly conserved within the studied proteins and they
show very similar per residue non-bonded binding energies. We noted that the side chains of TyrB17 of Con-Ins-G1, Con-Ins-
G3, Con-Ins-T1A, Con-Ins-T1B, and Con-Ins-T2 interact with the residue Phe714 of the L1 domain. The residue TyrB17 of
Con-Ins is also known as a surrogate of the residue PheB24 of hlns and is one of the key residues responsible for the activity of
cone snail insulins instead of the last nine residues of the B-chain of hIns '>!31%27 Thus, we recommend Tyr at the 15" position
of the hlns as a potential substitution.

Based on our proposed substitutions, we designed two insulin analogs and report their binding energies with the uIR. These

analogs are eight residues shorter along the C-terminal end of the B-chain of hlns. The analogs reveal better binding energies
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with the uIR than any of the Con-Ins. Notably, analog 1 exhibits a better binding energy with the receptor than the wild type hlns.
The substitutions derived from the interaction study between Con-Ins and IR augment the binding energies of the analogs. We
also show that the B-chain substitutions, TyrB15 and AsnB22, are the most promising mutations responsible for the enhanced
binding energy of analog 1 for the uIR.

In summary, certain residues of Con-Ins exhibit substantially lower non-bonded interaction energies in comparison to the
equivalent hlns residues complexed with uIR. Our results suggest that an insulin analog with Gla, His, Thr, Tyr, Tyr/His, and
Asn substitutions for the residues GluA4, AsnA21, ValB12, LeuB15, GlyB20, and ArgB22, respectively, of hlns will likely
enhance the bioactivity in comparison to hlns. The recently reported fully-active smallest monomeric insulin analog, mini-Ins,
derived only from the Con-Ins-G1 binds to the “secondary site” of hIR have His, Arg, Glu, and Tyr substitutions at ThrAS,
SerA9, HisB10, and GlyB20, respectively, of hlns 19 Moreover, we extracted specific structural features from seven variants of
cone snail insulin like peptides interacting with the ‘site 1’ of hIR and derived two shorter-length insulin analogs. We noted
that the binding energy of the analog 1 for uIR is higher that that of the hlns. Thus, the findings from this study may potentially

contribute to future design of fast-acting monomeric insulin analogs with enhanced affinity for hIR.

CONCLUSION

In this work, we initially modeled the structures of six Con-Ins subtypes (G3, K1, K2, T1A, T1B, and T2) using the exper-
imental structure of the Con-Ins-G1/uIR complex as a template. We studied the complexes of seven Con-Ins with IR and
investigated their key residues interacting with the ‘site 1’ of uIR using all-atom MD simulations. We compared the binding
energy contributions with the receptor for each residue of each cone snail insulin as well as of hlns to extract inherent structural
features in Con-Ins for potential substitutions in hlns. Our study suggests that GluA4, AsnA21, ValB12, LeuB15, GlyB20,
and ArgB22 of hlns may be substituted by Gla, His, Thr, Tyr, Tyr/His, and Asn residues, respectively, to design an active

monomeric insulin analog with superior pharmacological potential.
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FIGURE LEGENDS

FIGURE 1

Sequence alignment among human and cone snail venom insulins. The residue numbering at the top corresponds to the
hlns sequence. The conserved cysteine residues are enclosed within orange boxes. The residues in cone snail insulins those are
similar to hlns are shown in green. The post-translationally modified residues: y-carboxylated glutamate (y) and hydroxyproline

(O) are shown in blue. The C-terminal amidation is represented by an asterisk (*).

FIGURE 2

Structural models of Con-Ins. (A) The cartoon representations of models of Con-Ins variants are depicted. The A- and B-chains
of each cone snail insulin are depicted in red and cyan, respectively. The side-chains of cysteine residues forming disulfide bonds
are depicted in yellow sticks. (B) Shown are the superimposed structures of the representative Con-Ins structure of the largest
cluster from each simulation trajectory (darker colors) on the initial structure (lighter colors). The RMSD values (along with
the standard deviations) computed relative to the initial structure in each MD simulation are depicted below the superimposed

structure of each Con-Ins.

FIGURE 3

RMSD distributions from unbound and receptor-bound MD simulations of each insulin. Shown are the normalized fre-
quency distributions of the RMSD for the unbound insulins (blue) and insulins bound to #IR (pink). Data represent the averaged

RMSD, computed for the backbone atoms relative to the initial conformation, from three independent MD simulations.

FIGURE 4

Per-residue non-bonded binding energy contribution and major structural interactions between insulins and yIR. (A)
The total non-bonded (Lennard-Jones and Coulomb interactions) energy of each residue of insulin with the uIR are depicted.
A more negative value for a given residue indicates a stronger interaction. The residues belonging to the A-chain and B-chain
of insulins are depicted in cyan and magenta bars, respectively. (B-H) Major interactions between hlns, (I-L) Con-Ins-G1, (M-
N) Con-Ins-G3, (O-Q) Con-Ins-K1, (R) Con-Ins-K2, and (S-U) Con-Ins-T1A with the uIR are shown. The carbon atom of
interacting residues of the insulins, L1, and aCT are labeled and depicted in pink, white, and orange stick representations,
respectively. Shown are the common interactions in at least two representative structures of the dominant cluster from three

independent MD simulations of each insulin-uIR complex. See also Figures S5 and S6 for detailed interaction patterns.
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FIGURE 5

Potential residue substitutions. The comparison of non-bonded energy and the interaction pattern of key Con-Ins residues is
shown. (A) The non-bonded energy of hlns residues (cyan), Con-Ins residues (blue), and the difference of energy (AE) of hlns

residues from the energy of Con-Ins residues (dark blue) is shown. The position and the likely substitution of hlns residues

Glu

are depicted along the x-axis. For example, the (A4/,"

) signifies Glu residue at the fourth position of the A-chain of hlns can
be substituted by the Gla residue derived from Con-Ins. The representative structure of hlns (represented by transparent cyan
cartoon model) and Con-Ins (represented by transparent red cartoon model) from the simulation trajectory are superimposed
over each other to identify the difference in the interactions of hlns residues and the equivalent residues of Con-Ins at (B) position
4 of the A-chain, (C) position 21 of the A-chain, (D) position 12 of the B-chain, (E) position 17 of the B-chain, (F-G) position

20 of the B-chain, and (H) position 22 of the B-chain. The interacting residues of hlns and Con-Ins are represented in blue and

red sticks, respectively.

FIGURE 6

Sequence alignment and per residue energy contribution of insulin analogs. (A) Sequence alignment of hlns, analog 1,
and analog 2 are shown. The substituted residues are shown in blue. The single residue difference within analog 1 and analog
2 sequences is highlighted in orange. The total non-bonded energy difference (AE) of each residue of (B) analog 1 and (C)
analog 2 with the uIR from the respective residues of hlns are depicted. The substitutions belonging to the A-chain and B-chain
of insulins are depicted in blue and purple bars, respectively. The representative structure of hlns (represented by transparent
cyan cartoon model) and Con-Ins (represented by a transparent red cartoon) from the simulation trajectory are superimposed
over each other to identify the differences in the interactions of hlns residues and the equivalent residues of the analogs at (D)
position 4 of the A-chain (P,,), (E) position 21 of the A-chain (P,,), (F) position 12 of the B-chain (Pg,,), (G) position 17 of
the B-chain (Pg,;), (H-I) position 20 of the B-chain (Pg,,), and (H) position 22 of the B-chain (Pg,,). The interacting residues

of hlns and analogs are represented in blue and red sticks, respectively.
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A-chain B-chain

1 3 5 7 9 11 13 1517 19 21 1 3 5 7 9 11 13 15 17 19 21 23 25 27 29
hIns: TSICSLYQLENYCN FVNQHLCGSHLVEALYLVICGERGFFYTPKT
G1: HRPCSNAEFKKY|C* TFDTOKHRCGSYITNSYMDLICYR
G3: DNPCTVATLRTFCH NSDTPKHRCGSELADQYVQLICH*
K1: YNDCTDEKLKEY/CHTLQ* SDSGTTLVRRRLCGSYLVTYLGELCLGN
K2: DNY(CTDERLKGYCASLLGL DSGTTPDRDHSCGGYLVDRLVKLCPSN
T1A: HRPCSNAEFKKFC* NSDTOKYRCGSYIPNSYIDLCF
T1B: YRPCSNAEFKKFC* NSDTOKYRCGSDIPNSYMDL(CF
T2: KRACSNAYFMQFC* NSDTPWNRCGSQITDSYRYLCPH

FIGURE1 Sequence alignment among human and cone snail venom insulins. The residue numbering at the top corresponds
to the hlns sequence. The conserved cysteine residues are enclosed within orange boxes. The residues in cone snail insulins
those are similar to hlns are shown in green. The post-translationally modified residues: y-carboxylated glutamate (y) and
hydroxyproline (O) are shown in blue. The C-terminal amidation is represented by an asterisk (*).



GORAI AND VASHISTH 19

G3:227+013A

T1B T1B: 2.46 + 0.78 A T2:2.35+0.57 A

FIGURE 2 Structural models of Con-Ins. (A) The cartoon representations of models of Con-Ins variants are depicted. The A-
and B-chains of each cone snail insulin are depicted in red and cyan, respectively. The side-chains of cysteine residues forming
disulfide bonds are depicted in yellow sticks. (B) Shown are the superimposed structures of the representative Con-Ins structure
of the largest cluster from each simulation trajectory (darker colors) on the initial structure (lighter colors). The RMSD values
(along with the standard deviations) computed relative to the initial structure in each MD simulation are depicted below the
superimposed structure of each Con-Ins.
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FIGURE 3 RMSD distributions from unbound and receptor-bound MD simulations of each insulin. Shown are the nor-
malized frequency distributions of the RMSD for the unbound insulins (blue) and insulins bound to 4IR (pink). Data represent the
averaged RMSD, computed for the backbone atoms relative to the initial conformation, from three independent MD simulations.
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FIGURE 4 Per-residue non-bonded binding energy contribution and major structural interactions between insulins and
uIR. (A) The total non-bonded (Lennard-Jones and Coulomb interactions) energy of each residue of insulin with the uIR are
depicted. A more negative value for a given residue indicates a stronger interaction. The residues belonging to the A-chain and
B-chain of insulins are depicted in cyan and magenta bars, respectively. (B-H) Major interactions between hlns, (I-L) Con-Ins-
G1, (M-N) Con-Ins-G3, (0-Q) Con-Ins-K1, (R) Con-Ins-K2, and (S-U) Con-Ins-T1A with the uIR are shown. The carbon atom
of interacting residues of the insulins, L1, and aCT are labeled and depicted in pink, white, and orange stick representations,
respectively. Shown are the common interactions in at least two representative structures of the dominant cluster from three
independent MD simulations of each insulin-uIR complex. See also Figures S5 and S6 for detailed interaction patterns.
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FIGURE 5 Potential residue substitutions. The comparison of non-bonded energy and the interaction pattern of key Con-Ins
residues is shown. (A) The non-bonded energy of hlns residues (cyan), Con-Ins residues (blue), and the difference of energy
(AE) of hlns residues from the energy of Con-Ins residues (dark blue) is shown. The position and the likely substitution of hlns
residues are depicted along the x-axis. For example, the (A4g§2) signifies Glu residue at the fourth position of the A-chain of hlns
can be substituted by the Gla residue derived from Con-Ins. The representative structure of hlns (represented by transparent cyan
cartoon model) and Con-Ins (represented by transparent red cartoon model) from the simulation trajectory are superimposed
over each other to identify the difference in the interactions of hlns residues and the equivalent residues of Con-Ins at (B) position
4 of the A-chain, (C) position 21 of the A-chain, (D) position 12 of the B-chain, (E) position 17 of the B-chain, (F-G) position

20 of the B-chain, and (H) position 22 of the B-chain. The interacting residues of hlns and Con-Ins are represented in blue and
red sticks, respectively.
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FIGURE 6 Sequence alignment and per residue energy contribution of insulin analogs. (A) Sequence alignment of hlns,
analog 1, and analog 2 are shown. The substituted residues are shown in blue. The single residue difference within analog 1 and
analog 2 sequences is highlighted in orange. The total non-bonded energy difference (AE) of each residue of (B) analog 1 and (C)
analog 2 with the uIR from the respective residues of hlns are depicted. The substitutions belonging to the A-chain and B-chain
of insulins are depicted in blue and purple bars, respectively. The representative structure of hlns (represented by transparent
cyan cartoon model) and Con-Ins (represented by a transparent red cartoon) from the simulation trajectory are superimposed
over each other to identify the differences in the interactions of hlns residues and the equivalent residues of the analogs at (D)

position 4 of the A-chain (P,,), (E) position 21 of the A-chain (P,,), (F) position 12 of the B-chain (Pg,,), (G) position 17 of

the B-chain (Py;;), (H-I) position 20 of the B-chain (Pg,), and (H) position 22 of the B-chain (Pg,,). The interacting residues
of hlns and analogs are represented in blue and red sticks, respectively.
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