Received <day> <Month>, <2022>; Revised <day> <Month>, <year>; Accepted <day> <Month>, <year>

DOI: xxx/xxxX

RESEARCH ARTICLE

Structural Models of Viral Insulin-like Peptides and their Analogs

Viral Insulin-like Peptides

Biswajit Gorai! | Harish Vashisth!-*

! Department of Chemical Engineering,
University of New Hampshire, Durham, Abstract
NH 03824, USA. . . 8 ..

The insulin receptor (IR), the insulin-like growth factor-1 receptor (IGF1R), and

Correspondence the insulin/IGF1 hybrid receptors (hybR) are homologous transmembrane recep-
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tors. The peptide ligands, insulin and IGF1, exhibit significant structural homology

The variants of the Iridoviridae virus family show capability in expressing single-
chain insulin/IGF1 like proteins, termed viral insulin-like peptides (VILPs), which
can stimulate receptors from the insulin family. The sequences of VILPs lacking the
central C-domain (dcVILPs) are known, but their structures in unbound and receptor-
bound states have not been resolved to date. We report all-atom structural models of
three dcVILPs (dcGIV, dcSGIV, and dcLCDV1) and their complexes with the recep-
tors (uIR, uIGF1R, and phybR), and probed the peptide/receptor interactions in each
system using all-atom molecular dynamics (MD) simulations. Based on the non-
bonded interaction energies computed between each residue of peptides (insulin and
dcVILPs) and the receptors, we provide details on residues establishing significant
interactions. The observed site-1 insulin/uIR interactions are consistent with previ-
ous experimental studies, and a residue-level comparison of interactions of peptides
(insulin and dcVILPs) with the receptors revealed that due to sequence differences,
dcVILPs also establish some interactions distinct from those between insulin and IR.
We also designed insulin analogs and report enhanced interactions between some

analogs and the receptors.
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INTRODUCTION

Insulin (Ins) and insulin-like growth factor-1 (IGF1) are cognate peptides for the insulin receptor (IR) and the insulin-like
growth factor-1 receptor (IGF1R), respectively. The binding of these peptides to their cognate receptors regulates key biological
processes implicated in glucose homeostasis and cellular growth!:>343.6.7.89.10.1L12 “While Ins is a dual-chain (dc) peptide,
consisting of an A-chain (21 residues) and a B-chain (30 residues) linked by three disulfide bonds, IGF1 is a single chain
(sc) peptide with 62 residues, among which the residues 1-29, 30-41, and 42-62 correspond to the B-, C- and A-domains,
respectively. Ins modulates several physiological processes but is primarily responsible for maintaining the glucose level in
blood 7131415 Insulin deficiency or insulin resistance leads to type 1 or type 2 diabetes mellitus '617:18:1920.21.22 The yncontrolled
level of glucose in the blood can also lead to anxiety, fatigue, seizures, heart disease, kidney disease, blindness, nerve damage,
and neurodegenerative Alzheimer’s disease?’. In contrast, IGF1 plays a critical role in development and growth of tissues and
organs?*. The processes underlying normal growth, development, and differentiation of cells are regulated by IGF1. Alteration
in IGF1 signaling may also lead to pathological conditions like obesity, hypertension, cardiovascular diseases, and cancer?>-2%.

IR and IGF1R are homodimeric glycoproteins of the receptor tyrosine kinase (RTK) superfamily ?’. These glycosylated recep-
tors are comprised of two extracellular a-subunits and two membrane-spanning f-subunits linked by several disufide bridges 8.
The Ins-IR system is highly homologous to IGF1-IGFIR system, but each peptide-receptor system exhibits distinct biological
functions?°. The binding of Ins/IGF1 to the extracellular subunits of their cognate receptors triggers the autophosphorylation
in the tyrosine residues of the cytoplasmic tyrosine kinase domain (TKD) of the f-subunit and initiates downstream signaling
pathways”-*. Several experimental structures of insulin bound to IR have been determined using X-ray crystallography or cryo-
electron microscopy (cryo-EM) methods 3!:32:33:34.35.36.37.38 'Tng and IGF1 bind to their receptors via two binding surfaces known
as “site 1”” and “site 2”. The site 1 of insulin molecule includes residues GlyAl, IlleA2, ValA3, GluA4, GInAS5, TyrA19, AsnA21,
GlyB8, SerB9, LeuB11, ValB12, TyrB16, GlyB23, PheB24, PheB25, and TyrB26; and the site 2 includes residues SerA12,
LeuA13, GluA17, HisB10, GluB13, and LeuB17 '3°, Similarly, the site 1 of IGF1 includes residues Ala8, Vall1l, Phe23, Tyr24,
Tyr31, Arg36, Arg37, Val44, and Ala62; and the site 2 includes residues Glu9, Aspl2, Phel6, Arg21, Asp53, Leu54, Arg56,
Glu58, Met59, Tyr60, Lys65, and Lys684°. While Ins and IGF1 favorably bind to their cognate receptors, each ligand can also
bind to the alternate receptor with a lesser affinity*!.

Given the structural homology between IR and IGFIR, these receptors can also dimerize to form hybrid IR/IGF1R receptors
(hybR)*2. The hybR is a heterotetramer composed of two heterodimers (a/f-subunits) belonging to each receptor®®. In several
mammalian tissues, this receptor is expressed in different proportions along with IR and IGF1R. Notably, the hybR shares a
major fraction of receptors in heart, brain, kidney, and skeletal muscles 4344 Several studies have shown that IGF1 binds with a

higher affinity to hybR in comparison to IR#3#647 and thus hybR closely resembles IGF1R. The hybR present in cells exhibits



36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

GORAI AND VASHISTH | 3

effective cross-linking between IR and IGFIR*®. A higher expression of hybR/IGFIR in different cancer cells suggests the
association of these receptors with the disease '!*>>°. However, the unique signaling characteristics and specific physiological
roles of the hybR remains enigmatic. Extensive efforts have been invested toward the design of potent fast acting Ins and IGF1
analogs which can bind efficiently to the members of the insulin receptor family>!-5233,5435,56,57.58,59.60,61

Several organisms and pathogens have developed specialized insulin like-peptides for defense, prey, or deter a competi-
tor 62:63:64.65.66 Viruses are microscopic pathogens which require the intracellular environment of host to survive and replicate.

1.%7 used

They have evolved critical molecular mimicry mechanisms to express host-like proteins. In a recent study, Altindis et a
bioinformatics techniques to identify small peptide homologous to Ins or IGF1 in the Iridoviridae virus family, termed viral
insulin/IGF1-like peptides (VILPs). The VILPs are highly homologous to IGF1 as they are single-chain (sc) peptides and have
shown a higher affinity to IGFIR in comparison to IR ®. In an another study, a double-chain (dc) analog resembling insulin was
created by cleaving the C-region of the scVILP, thereby creating a dcVILP®°. The dcVILPs are dual-chain peptides that stim-
ulate IR and IGFIR phosphorylation in vitro and in vivo, but they bind with higher affinities to IGF1R than to IR®. However,
mechanistic details of their interactions with the receptors remain elusive due to the absence of the experimental structures of
dcVILPs or their complexes with the receptors®. Relevant to this, structural modeling is a promising tool to gain insights into
the atomic details of the interactions of insulin-like peptides with the receptors of the insulin family*’. We have earlier probed
the conformational dynamics and interactions between the Ins, IGF1, and IGF2 with the IR, IGF1R, and IGF2R using molecular
modeling and molecular dynamics (MD) simulation techniques 7071727374,

In our previous study”, we successfully modeled cone snail insulin (Con-Ins) peptides and studied their interactions with
the truncated human insulin receptor (4IR), composed of the first leucine-rich (1) domain and the C-terminal region of the
a-chain (aCT) of the IR, using all-atom MD simulations. The Con-Ins peptides exist in monomeric forms and have shorter
sequences compared to Ins. The key Con-Ins residues responsible for their interaction with IR were substituted to derive two
insulin analogs. Notably, one of these analogs bound with yIR with a higher affinity than insulin.

Consistent with our previous work, we utilized molecular modeling techniques to predict the tertiary structures of three
dcVILPs, including VILPs derived from Grouper Iridovirus (GIV), Singapore Grouper Iridovirus (SGIV), and Lymphocystis
disease virus 1 (LCDV1). Using explicit-solvent and all-atom MD simulations, we probed residues involved in the interaction
of dcVILPs and Ins with the receptors: IR, IGF1R, and hybR. The non-bonded binding energy contribution of each residue of
dcVILPs and Ins with the receptors were judiciously compared to identify favorable substitutions in Ins that may likely enhance
the binding affinity of insulin analogs to the receptors. We report further results on four new analogs, three of which are based on

residue substitutions identified in this work, and a fourth hybrid analog based on this work and our previous work on cone-snail

insulin-like peptides’.
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MATERIALS AND METHODS

Structural modeling of dcVILPs

We obtained the primary sequences of three dcVILPs: dcGIV, dcSGIV, and dcLCDV 1, from the previous work by Chrudinova
et al.%. The alignment of the sequence of each dcVILP with the Ins sequence shows a lower sequence conservation among
them, although all cysteine residues are conserved (Figure 1A). The sequence identity between dcLCDV1 and Ins is the highest
(~47%), followed by dcSGIV (~35%), and dcGIV (~33%). We used MODELLERv9.207 to generate the tertiary structure of
each dcVILP based on the template of the structure of Ins (PDB code: 6pxv). Before constructing the tertiary structures of
dcVILPs, we modeled any missing residues in the template using MODELLER. We preserved the disulfide bonds and used
multi-chain modeling approach to generate the A- and B-chains of dcVILPs during model building. We generated 200 models
of each dcVILP and selected the best model based on the lowest discrete optimized protein energy (DOPE) score’’. Before
conducting MD simulations, we used the online portal PROPKA”® to assign protonation states to the side-chains of ionizable

residues at a pH value of 7.

Structural modeling of complexes of dcVILPs with different receptors

We first obtained the structures of the full-length IR ectodomain (PDB code: 6pxv), IGF1R ectodomain (PDB code: 6vwg), and
hybR (PDB code: 4xss). From these structures, we have considered a truncated version of each receptor (u-receptor), specifically,
IR composed of the L1 domain (residues 1-155) and the aCT peptide (residues 704-718), uIGF1R composed of the L.1 domain
(residues 1-155) and the aCT peptide (residues 691-705), and yhybR composed of the L1 domain (residues 1-155) and the aCT
peptide (residues 691-705). Each of these receptor constructs retains the primary binding sites of the insulin family of peptides.
In Figure S1, we show the sequence alignment of the constituents of each truncated receptor. We first modeled any missing
residues in the initial structures of receptors. We superimposed ligands on the Ins/IGF1 of u-receptors to obtain a complexed
structure of each ligand with each receptor, using the ‘align” command in PyMOL"°. Overall, we modeled 12 ligand-receptor
complexes: four peptide ligands (Ins, dcGIV, dcSGIV, and dcLCDV1) docked to three different receptors (uIR, uIGFIR, and
uhybR), referred hereafter as IR, IGF1R, and hybR, respectively. Additionally, we constructed five structural models of the
complexes of insulin analogs with different receptors (analog-1/uIR, analog-2/uIGF1R, analog-3/uhybR, analog-4/ulIR, and

truncated-analog-4/ulR; see Table S1).

Simulation setup

We conducted all-atom MD simulations of all modeled ligands as well as ligand/receptor complexes using the GRO-

MACSv2020.4 398! software combined with the GROMOS 54A8 force-field®2. Using the SPC water model®?, we solvated each
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ligand or the corresponding ligand-receptor complex in a dodecahedron simulation domain with a minimum buffer of 12 A along
each direction. To neutralize and achieve a physiological salt concentration of 140 mM, we added requisite number of sodium
and chloride ions. We used the steepest-descent algorithm3* to minimize each system. We equilibrated each system for 500 ps
at 300 K using Berendsen thermostat with a coupling time of 0.1 ps. We also equilibrated each system at 1 atm pressure using
Berendsen barostat for 10 ns. During initial equilibration steps, we applied harmonic restraints (k = 1000 kJ/mol/nm?) on the
heavy atoms of proteins. Finally, we removed all restraints and performed a 500 ns long production simulation of each system in
the NPT ensemble. We switched to the V-rescale thermostat with a coupling time of 1.0 ps during the long time-scale MD sim-
ulations. We used a nonbonded cut-off of 14 A with periodic boundary conditions, and calculated the long-range electrostatic
interactions using the Particle Mesh Ewald method®. We applied all-bond constraints using the LINCS algorithm® to use a
time-step of 2 fs during simulations. We saved all simulation trajectories every 20 ps and carried out the analyses of MD trajec-
tories with GROMACS and VMD?®’. Each set of simulation was performed in triplicate for each ligand and the ligand-receptor

complex, resulting in a total simulation time of ~32 us. The details of all MD simulations are summarized in Table S1.

RESULTS

Structural models and all-atom MD simulations of unbound structures of dcVILPs

We first generated the tertiary structures of three dcVILPs (dcGIV, dcSGIV, and dcLCDV1) using multi-chain homology mod-
eling approach®®. The all-atom root mean squared deviation (RMSD) between the Ins template and each modeled dcVILP
structure is less than 1 A, highlighting the structural consistency with the template used. The initial structural models preserved
three helices and three disulfide bonds present in the Ins template.

To investigate the conformational flexibilities of the modeled dcVILPs, we conducted three independent all-atom MD sim-
ulations (each 500 ns long) in explicit solvent for each peptide. Using GROMOS clustering algorithm (with an RMSD cut-off
of 2 A), we extracted representative conformers from the last 400 ns of each trajectory for Ins and each dcVILP. The superim-
position of each representative conformer to its starting structure (Figure 1B-E) exhibits all-atom RMSD values lower than 3
A. As expected, the RMSD between the Ins structure and the representative conformer of Ins obtained from MD simulations is
the lowest (1.4 A). Among dcVILPs, the MD-equilibrated modeled structures are also stable with dcLCDV1 (RMSD ~2.2 IOA)
and dcGIV (RMSD ~2.7 A) showing the lowest and the highest RMSD values, respectively. These data reveal that dcLCDV 1
with the highest percentage of sequence identity (~47%) with the Ins sequence exhibits the lowest RMSD, and dcGIV with the

lowest percentage of sequence identity (~33%) exhibits the highest RMSD.
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All-atom MD simulations of ligand/receptor complexes

In Figure 2, we show the representative all-atom structures of all dcVILP/receptor complexes, where the C, atoms of those
dcVILP residues that correspond to site 1 and site 2 residues (smaller and larger spheres, respectively) of insulin are also depicted.
For each of the four peptide ligands (Ins, dcGIV, dcSGIV, dcLCDV 1), we conducted three independent MD simulations in bound
states with three different receptors (IR, IGF1R, and hybR), thereby resulting in 36 simulations of each 500 ns length (totaling 18
us for all peptide/receptor complexes). In Figure S2, we report for each complex the distributions of the center of mass (COM)
distance (first row) and the buried surface area (BSA) (second row) between each peptide and the receptor. The average initial
COM separation and the BSA between the peptide/receptor pairs are 2.31 + 0.03 nm and 21.21 + 0.53 nm?, respectively. The
calculated COM distance from MD simulations (varies between ~2.10 nm to 2.35 nm) is only marginally reduced and the BSA
(varies between ~19 nm? to 27 nm?) increased notably from the initial values indicating that the ligand/receptor complexes
are stable and each ligand maintained contact with each receptor throughout each simulation. The RMSD distributions of each
peptide ligand in the unbound state and in the bound state (Figure S2, third row) reveal that the bound peptides exhibit lower
RMSDs in comparison to the unbound peptides. These data also show that the mean-values in distributions for bound peptides
are mostly observed between 2.5 nm and 3.5 nm, and that for unbound peptides near 5 nm. The peaks in the RMSD distributions
for unbound and bound peptides are distinct, except for dcLCDV1 where a partial overlap of peaks for the hybR complex and
the unbound form is observed.

Based on the data from all MD trajectories of each peptide, we further calculated the average change in the root mean squared
fluctuation (ARMSF) of each residue of each bound peptide relative to the unbound state (Figure S3). The ARMSF values for
the Ins/receptor complexes are minimal, however the per residue fluctuations of dcVILPs notably reduced after binding to the
receptors, as indicated by mostly negative values of ARMSF. The ARMSF data suggest that the conformational fluctuations of
each residue of dcGIV and deSGIV significantly decreased on binding to the receptors. We observed that most residues in the
modeled dcVILPs exhibit negative ARMSF values after binding to the receptors, except a few residues in the A-chain and the
N-terminus of the B-chain of dcLCDV1 (Figure S3D). These observations further suggest that the reductions in the fluctuations

of residues are likely due to favorable interactions of specific residues with the receptors.

Peptide/Receptor interactions

The calculated average non-bonded interaction energy (NBIE, cumulative van der Waals and electrostatic interaction energies)

between all residues of each peptide-receptor complex from three independent simulations are summarized in Table S2. A
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negative NBIE value implies favorable interactions between each peptide and the receptor. Ins binds to IR with the lowest (—
938 kJ/mol) NBIE, and at higher NBIE values with IGFIR (=771 kJ/mol) and hybR (-763 kJ/mol), highlighting a stronger
interaction with the cognate receptor IR, and weaker interactions with non-cognate receptors, IGF1R and hybR.

Among dcVILPs, dcGIV (-804 kJ/mol) and dcSGIV (-773 kJ/mol) show moderate interaction energies for IR, but dcLCDV 1
exhibits the weakest interaction (an NBIE value of —680 kJ/mol) for IR. With IGF1R, the NBIE values suggest that dcSGIV
(=931 kJ/mol) shows the most favorable interaction followed by dcGIV (=835 kJ/mol), Ins (=771 kJ/mol), and dcLCDV1 (-631
kJ/mol). The NBIE values of peptides for hybR follow a trend similar to that of IGF1R: dcSGIV (-1053 kJ/mol) < dcGIV (-925
kJ/mol) < Ins (=763 kJ/mol) < dcLCDV1 (=712 kJ/mol). Thus, Ins exhibits the lowest NBIE and thereby strongest interaction
with IR, and dcSGIV with both IGF1R and hybR, and dcLCDV 1 exhibits the weakest interaction with each receptor.

Based on our simulation data, we further compared known site 1 insulin/IR interactions (Table S3),3*!3 and predicted the
site 1 interactions of dcVILPs with three micro-receptors (Table S4). The observed insulin/IR interacting residue-pairs from
our work are in good agreement with those previously reported (Table S3)3°. Due to conformational dynamics of the residue
sidechains, which is captured in MD simulations, we also report a few new insulin/IR interactions (marked by # in Table S3).
We further calculated the average interaction energy of each residue of insulin with IR (Figure S4) and confirm that the site
1 residues, and not the site 2 residues, of insulin significantly interact with uIR. Similarly, we have probed the inter-residue
interactions between each modeled dcVILP with different micro-receptors (Table S4 and Table S5). These data show that the
inter-residue ligand/receptor interactions for dcGIV and dcSGIV are comparably similar to each other than to dcLCDV 1. While
our data suggest some similarities with insulin for the site 1 interactions of dcVILPs, the differences are primarily due to their
unique sequences (Figure 1A).

We further calculated the change in the NBIE, i.e., AE = NBIEy vy p resique — NBIEj resiquer Where NBIE vy p regique @nd
NBIE_resiaue are the NBIE contribution of each residue of dcVILPs and Ins to the same receptor, respectively (Figure 3). The
AE value for each residue is useful in identifying those residues in dcVILPs that have stronger interactions with the receptors in
comparison to insulin. A negative AE value signifies that a specific residue of insulin exhibits lesser or no interactions with the
‘site 1’ of the receptor in comparison to the equivalent dcVILP residue, or vice-versa that the dcVILP residue exhibits stronger
interactions. Overall, dcVILPs have weaker interactions (higher interaction energies) with IR than Ins (Table S2), although a few
residues in dcVILPs exhibit stronger interactions (lower AE values) than the Ins residues (Figure 3, first row). Specifically, the
residues AspA17 (—40.4 kJ/mol), AspB13 (—45.1 kJ/mol), and ArgB30 (-30.7 kJ/mol) of dcGIV complexed with IR exhibit lower
AE values which reveals that the A17, B13, and B30 residues of Ins do not establish significant interactions with IR, but that
of dcGIV do. Similarly, we observed that the key interacting residues of dcSGIV to IR are congruent to those noted for dcGIV.
Moreover, GluB17 of dcSGIV also shows a stronger interaction (AE = —34.9 kJ/mol) with IR than Ins does. However, only a

single residue of dcLCDV1, SerB8, exhibits a significantly stronger interaction (AE = —39.4 kJ/mol) with IR in comparison
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to Ins. It is noteworthy that the residues AspA17, AspB13, GluB17, and ArgB30 are not conserved between insulin and two
dcVILPs (dcGIV and deSGIV), and similarly SerB8 is not conserved among insulin and dcLCDV1 (Figure 1A).

With IGF1R (Figure 3, second row), the residues AspA17 (-38.3 kJ/mol), SerB28 (-51.7 kJ/mol), and ArgB30 (-83.4 kJ/mol)
of dcGIV, and the residues AspA17 (—41.0 kJ/mol) and ArgB30 (-83.4 kJ/mol) of dcSGIV, exhibit stronger interactions (negative
AE values). We point out that the dcGIV residue SerB28 is ProB28 in insulin. For dcLCDV1, SerB8 is the only residue showing
a significantly stronger interaction (negative AE value) with IGF1R. For hybR (Figure 3, third row), three residues AspB13
(-28.9 kJ/mol), GluB17 (-32.8 kJ/mol), and ArgB30 (-34.6 kJ/mol) of dcGIV, and two residues AspA17 (-38.0 kJ/mol) and
AspB13 (-77.8 kJ/mol) residues of dcSGIV, exhibit stronger interactions (negative AE values) than Ins. The dcLCDV 1 residues
SerB8 (—36.4 kJ/mol) and ArgB30 (—48.2 kJ/mol) also show significant interactions with hybR in comparison to Ins. These
results indicate that the residues in dcVILPs which are distinct from Ins residues may account for differences in their binding
affinities to the receptors. These residues are potential candidates as reasonable substitutions in Ins and insulin-like peptides to
design new peptide variants targeting the receptors.

In Figure 4, we show unique residue-level interactions observed in the dcVILP/receptor complexes, and also provide a list
of contacts in Table S4. The dcGIV residues AspA17 and AspB13 establish stable salt-bridging (SB) interactions with Arg717
of the aCT peptide, and anion-z interactions with Tyr67, respectively, of the IR. The C-terminal residues of the B-chain of
dcGIV form hydrogen-bonding (HB) interactions with the residues Gly10, Asp12, and Glu22 in IR. We observed that the acidic
residues AspAl7, AspB13, and GluB17 of dcSGIV also form SB interactions with Arg717 of the aCT peptide, HB with Phe39
of the L1 domain, and HB with Lys40, respectively. The dcSGIV’s basic residue ArgB30 interacts with the residues Glu6 and
Asn25 of IR. Only a SerB8 residue of dcLCDV 1 forms HB with the Arg65 residue of the L1 domain of IR.

In dcVILP/IGF1R complexes, the A-chain residue AspAl7 of dcGIV exhibits a SB interaction with the Arg704 residue of
the aCT peptide of IGF1R. The B-chain residues SerB28 and ArgB30 of dcGIV form HB interactions with the Asp8 and Argl8
of the L1 domain of IGFIR, respectively. The ArgB30 of dcGIV also interacts with Gln15 and Glu20 of the L1 domain of
IGFIR. The dcSGIV residue AspA17 forms a SB interaction with Arg704 of IGFIR, and ArgB30 interacts with the residues
Gly6, Glu26, and Tyr28 of the L1 domain. In dcLCDV 1, SerB§ establishes an HB interaction with His697 of the aCT peptide
of IGF1R.

The dcVILPs also show significant binding interactions with hybR. Among the crucial residues of dcGIV, AspB13 and
GluB17 form HB interactions with the residues Tyr67 and Lys60 of the L1 domain of hybR, respectively. The terminal residue
ArgB30 of dcGIV exhibits a SB interaction with the residue Aspl12 of the L1 domain of hybR. Only two residues of dcSGIV,
belonging to each chain, show significant relative NBIE to hybR (third row in Figure 3B). The A-chain residue AspA17 of

dcSGIV establishes a HB interaction with the residue Arg704 of the aCT peptide of hybR, and the B-chain residue Asp13 forms
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HB interactions with Arg65 and Tyr67 of the L1 domain of hybR. In dcLCDV1, SerB8 forms favorable interactions with the

residues Arg65 and Glu97 of the L1 domain of hybR.

Binding energies of insulin analogs

To rationalize the affinity of analogs derived by substituting equivalent residues of Ins by the key residues of dcVILPs (Figure
5A) underlying stronger interactions with the receptors, we generated their structural models in complex with the respective
receptors and performed three independent all-atom MD simulations (Table S1). The analog 1 was derived from the interactions
of dcVILPs with the IR, constituted by substituting GluA17, GlyB8, GluB13, LeuB17, and ThrB30 of Ins by Asp, Ser, Asp, Glu,
and Arg, respectively. The analog 2 was derived from the interactions of dcVILPs with the IGF1R, constituted by substituting
GluA17, GlyB8, ProB28, and ThrB30 of Ins by Asp, Ser, Ser, and Arg, respectively. Similarly, based on the interactions of
dcVILPs with hybR, analog 3 was obtained by substituting GluA17, GlyB8, GluB13, LeuB17, and ThrB30 of Ins by Asp, Ser,
Asp, Glu, and Arg, respectively. Notably, analog 1 and analog 3 are derived from the interactions of dcVILPs with IR and hybR,
however, both have identical residue substitutions in Ins. We have termed them as distinct analogs to distinguish the fact that
they are derived from different receptors.

Each analog in complex with their corresponding receptors are subjected to triplicate all-atom MD simulations, each 500 ns
long. The average NBIE is then estimated from three independent simulations of each analog with their receptors. The average
NBIE of analog 1 (-935 kJ/mol) for IR is comparable to the NBIE of Ins-IR (938 kJ/mol) complex. However, the average NBIE
of analog 2 (=891 kJ/mol) and analog 3 (-910 kJ/mol) are significantly lower in comparison to the NBIE of Ins-IGFIR (-771
kJ/mol) and Ins-hybR (—763 kJ/mol) complexes, respectively. We also estimated the difference of the NBIE (AE) of each analog
residue from the NBIE of respective residues of Ins complexed with the same receptor (Figure 5B-D). Among the substituted
residues, we observed AspA17 as a favorable substitution for GluA17 of Ins which enhances the binding interaction of each
analog to their corresponding receptors. We also noted that substituting the residue ThrB30 by ArgB30 enhances the interaction
of analog 2 to IGF1R.

In our previous study 7>, we probed the interactions of the insulin-like peptides from different variants of cone snails with IR
using MD simulations. We identified key residues interacting with the IR and reported a shorter insulin analog, lacking the last
eight residues of the B-chain of Ins, that binds to the receptor with an enhanced affinity. We discovered that mutating residues
LeuB15 and ArgB22 of Ins to Tyr and Asn, respectively, increased the binding interactions of analogs derived from the cone
snail peptides with the #IR. Combining observations from our previous work and this work, we created the structural model of
‘analog 4’ by substituting residues GluA17, LeuB15, and ArgB22 of Ins by Asp, Tyr, and Asn, respectively (Figure S5A). We
performed three independent MD simulations of the hybrid analog 4 in complex with IR and obtained the average NBIE value

of —984 kJ/mol. Notably, the average NBIE of analog 4 is lower than the average NBIE of analogs derived from the cone snail
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peptides” and dcVILPs, as well as of Ins for the IR. The difference of the NBIE (AE) of each residue of analog 4 from the NBIE
of equivalent residue of Ins (Figure S5B) verifies significant contribution of the residues AspA17 and TyrB15 substitutions in
Ins for enhancing the binding interaction with the IR. We further performed atomistic simulations of a truncated form of hybrid
analog 4 (Figure S6A) in complex with the IR (three independent runs of each 500 ns long) and calculated the total NBIE
between the truncated analog and the receptor (Figure S6B). The average NBIE calculated between Ins and IR in the insulin—IR
complex is =938 kJ/mol, and between the truncated analog 4 and IR in the complex is =922 kJ/mol. The NBIE are comparable
and support the fact that the last three residues of the B-chain of insulin do not contribute significantly for interactions with the

site 1 of IR.

DISCUSSION

Certain Iridovirus peptides, termed viral insulin-like peptides (VILPs), have emerged as promising peptides for designing novel
insulin/IGF1 mimics targeting receptors®’. The VILPs are single chain proteins which possess agonist or antagonist properties
with high potency toward IR and IGF1R %8, The double chain variants of VILPs (dcVILPs), which are lacking the C-domain, can
stimulate both human receptors, IR and IGF1R®. The dcVILPs also have the ability to modulate the glucose level in specific
tissues. In particular, dcGIV enhances the Akt phosphorylation and glucose transporter type 4 gene expression in white adipose
tissue®.

In current study, we have performed structural modeling and all-atom MD simulations of three dcVILPs (dcGIV, dcSGIV,
and dcLCDV1) in complex with three different micro-receptors (#IR, uIGFIR, and uhybR) to characterize the key residues of
dcVILPs significant for their interactions with the receptors. The primary sequence of dcLCDV1 closely resembles to Ins than
to the sequences of the peptides dcGIV and dcSGIV. Since the experimental structures of dcVILPs or their complexes with the
receptors are not available, we have modeled their all-atom structures in this work and studied their structural stabilities using
extensive all-atom MD simulations. Based on the Ins-IR complex (PDB code: 6pxv), we used the Ins structure as a template to
predict the structures of dcVILPs and their complexes with the receptors. We observed that the unbound and bound conformers
of dcVILPs are stable during MD simulations with subtle fluctuations in the loop regions. The RMSD distributions (Figure S2,
third row) showed that the bound structures of dcVILPs resemble more native like conformers than the unbound conformers.
The ARMSF per residue, which indicates the average change in the residue fluctuation of the peptide ligands in the bound state
relative to that from the unbound state, demonstrates negligible variation for Ins than dcVILPs. The higher ARMSF per residue
of dcVILPs is likely due to their conformational rearrangements in their bound states with the receptors. The negative ARMSF

per residue value of dcGIV and deSGIV implies a dampening of residual fluctuations in the bound states. However, the positive
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ARMSEF per residue values of a few A-chain residues and a few N-terminal residues of the B-chain of dcLCDV1 in all three
complexes demonstrate the region to be more flexible than in the unbound form.

We further calculated the average NBIE between each dcVILP and different receptors based on our MD simulations (Table S2).
Consistent with the reported experimental K values®®, we observed a similar trend of the average NBIE between the peptide
ligands and the receptors IR and IGF1R. Insulin is known to bind with a higher affinity to IR than to IGFIR, and we observed a
stronger interaction (lower interaction energy) with IR (—938 kJ/mol) than with IGF1R (=771 kJ/mol). For IR, we also observed
that dcGIV and dcSGIV had weaker binding energies than insulin, but for IGFIR, dcGIV and dcSGIV had stronger binding
energies than insulin. In comparison to other dcVILPs, dcLCDV 1 is known to have the lowest affinity for IGF1R %°. Consistent
with this, we also observed that the dcLCDV 1/IGFIR interaction is the weakest (—631 kJ/mol) in comparison to the interactions
between other two dcVILPs and IGFIR (Table S2). However, we note that the single-chain form of LCDV1 (scLCDV1) showed
the highest binding affinity (among VILPs) for IGF1R®’, and it is identified as a potent antagonist of IGF1R %8, Intriguingly,
the activity of the LCDV1 peptide to the receptor is substantially reduced after losing its C-domain in the dc-form®°. These
observations emphasize the significance of the C-domain of LCDV1 for its binding affinity toward the receptors.

The heteromeric hybrid InsR/IGFIR receptors are widely distributed in mammalian tissues, particularly in brain, kidney,
skeletal muscle, and heart where they exist in large proportions*>**. The structure of hybR (PDB code: 4xss) is composed of
the L1 domain of IR and the aCT peptide of IGF1R*2. For hybR, we observed that dcSGIV exhibits the strongest interactions
among all peptide ligands, followed by dcGIV, Ins, and dcLCDV1. We note that dcVILPs, dcSGIV and dcGIV, bind to IGFIR
and hybR with higher affinities, whereas, Ins shows a higher binding affinity for IR. Our results suggest that dcVILPs resemble
closely with IGF1 and are consistent with the reported experimental studies which demonstrate the preference of hybR for IGF1
than Ins >89,

It is important to note that the primary sequences of Ins and dcVILPs differ significantly (Figure 1A). The multiple sequence
alignment demonstrates that the dcVILP residues at the equivalent positions belonging to site 1 of Ins also vary notably. Specifi-
cally, only 5 site-1 residues of insulin (GlyAl, TyrA19, AsnA21, LeuB11, and GlyB23) and corresponding residues in dcVILPs
at equivalent positions are fully conserved. We list residue-level contacts between insulin and IR in Table S3, and those between
dcVILPs and three receptors IR, IGF1R, and hybR in Table S4. In Table S5, we also report the interaction energies of residues
belonging to site 1 of Ins with different receptors and the equivalent residues of dcVILPs with the receptors. The interaction
energy of each insulin residue with #IR is shown in Figure S4. For each dcVILP/receptor complex, the difference in the average
interaction energy of a given dcVILP residue relative to the corresponding residue in insulin is shown in Figure 3.

These data confirm that insulin/uIR contacts observed in our simulations are consistent with those reported previously
(Table S3)3° and the site-1 residues of insulin have stronger interactions with uIR than the site 2 residues (Figure S4). More-

over, the receptor interaction energies of 5 site-1 residues of insulin (GlyA1l, TyrA19, AsnA21, LeuB11, and GlyB23), that are
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conserved in dcVILPs (Figure 1A), are also comparable for each receptor (Figure 3 and Table S5). The differences in interac-
tions of dcVILPs and insulin with different receptors are also observed, especially at those positions where the residue between
a dcVILP and insulin is not conserved. For example, dcGIV showed interactions stronger than insulin (a negative AE value in
Figure 3) with different receptors for the residues AspA17 (GluA17 in insulin), AspB13 (GluB13 in insulin), GluB17 (LeuB17
in insulin), SerB28 (ProB28 in insulin), and ArgB30 (ThrB30 in insulin). For dcSGIV as well, stronger interactions than insulin
are observed with different receptors for the residues AspA17, AspB13, GluB17, and ArgB30, which are conserved among dcS-
GIV and dcGIV (Figure 1A). While it has been suggested that SerB28 of dcGIV could explain its lower affinity than dcSGIV for
the IR-A isoform°, we do not see any significant differences in the interaction energies of SerB28 (dcGIV) or ProB28 (dcSGIV)
with uIR (Figure 3). However, for uIGFIR, dcGIV (but not dcSGIV) showed a stronger interaction (a negative AE value in
Figure 3) than insulin at SerB28. For dcLCDV 1, only one non-conserved residue SerB8 (GlyBS in insulin) showed interactions
stronger than insulin for each of the three receptors.

It was pointed out earlier® that several residues that are involved in insulin binding to the site 2 of IR are replaced in two
dcVILPs (dcGIV and dcSGIV) by residues that are identical to IGF-1. For example, these are dcGIV/dcSGIV residues GluB10
(GIu9 in IGF-1 and HisB10 in insulin), AspB13 (Aspl2 in IGF-1 and GluB13 in insulin), and AspB21 (Asp20 in IGF-1 and
GluB21 in insulin). It was further noted that two of these three residues of IGF-1 (Glu9 and Asp12) are involved in site 1 binding
to IGF1R, and also that the dcGIV/dcSGIV peptides may preferentially bind to the site 1 of IGF1R than to site 2 of IR%°. We
also observed that three conserved residues among dcGIV and deSGIV (AspAl7, AspB13, and GluB17), that correspond to
the site 2 residues in insulin (GluA17, GluB13, and LeuB17), show stronger site-1 interactions with yIGF1R and/or uIR in
our structural models (Figure 3). Specifically, we find that the residue AspA17 (GluA17 in insulin) has stable salt-bridging
interactions with Arg717 of aCT in IR and with homologous residue Arg704 of aCT in IGFIR. We analyzed several crystal
structures of insulin/IR complexes and found that the residue GluA17 of insulin (AspA17 in dcGIV/dcSGIV) is located in
proximity of Arg717 of aCT in IR (Figure S7), thereby suggesting the possibility of this salt-bridging interaction.

Based on these results, we designed several insulin analogs by substituting those residues in insulin where dcVILPs exhibited
stronger binding to the receptors than the equivalent Ins residues. Based on the interactions of dcVILPs with IR, IGFIR, and
hybR, we designed three insulin analogs and computed their average binding energies with yIR, uIGF1R, and yhybR from three
independent MD simulations (Figure 5). The analog 1 binds to IR with a binding energy comparable to that of Ins for IR, but
the analogs 2 and 3 demonstrate enhanced binding energies for IGF1R and hybR, respectively, than that of Ins for both of these
receptors. We observed that mutating the insulin residue GluA17 to AspA17 (which forms a salt-bridging interaction with aCT;
Figure S7) contributed to enhanced binding energy of these analogs.

In our previous work >, we studied the interactions between IR and insulin-like peptides from venoms of fish hunting cone

66,90,91,92,93

snails and reported two insulin analogs with enhanced binding energies. We derived six key substitutions from the
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cone snail insulin and reported that the mutations LeuB15Tyr and ArgB22Asn in insulin are promising. Notably, each key
substitution identified from the cone snail insulins is localized in the B-chain of Ins. Moreover, based on the current study, we
identified a favorable substitution in the A-chain (GluA17Asp) in insulin. Taken together, we proposed a hybrid analog that
has features of both key interacting residues of cone snail insulin-like peptides and dcVILPs. Importantly, the hybrid analog
exhibited a higher binding energy for 4IR in comparison to analogs derived from cone snail peptides and dcVILPs, and also
higher than Ins (Figure S5). We did not observe a significant change in the IR binding energy (Figure S6) of a truncated form
of this hybrid analog lacking the B28-B30 sequence, thereby suggesting that these residues are not contributing significantly to
the interaction of this analog with IR. Briefly, we note that in our previous study’ and this work, only the site-1 containing
domains of the receptors (L1/aCT) are included to study the binding interactions of peptides, but including the fibronectin

domains in future studies may offer further enhanced understanding of the site 2 interactions of these peptides.

CONCLUSION

We report all-atom structural models of three dcVILPs (dcGIV, dcSGIV, and dcLCDV1) and their complexes with the micro-
receptors (uIR, uIGFIR, and phybR). We further conducted all-atom MD simulations based on these structural models to
understand the conformational flexibility and the stability of each dcVILP in unbound and receptor-bound states. We observed
that the ligand/receptor complexes are stable, and each dcVILP engages in interactions similar to insulin for conserved residues
as well as in some unique interactions for non-conserved residues. The overall trends in interaction energies of dcVILPs with
IR and IGF1R are consistent with experimentally measured affinities for these receptors. Specifically, dcGIV and dcSGIV have
stronger interactions with IGF1R, and dcLCDV 1 has the weakest (among all dcVILPs) interaction with each receptor. Our results
also show that some residues in dcVILPs (e.g., AspAl7, AspB13, and GluB17) that correspond to site 2 residues in insulin
show stronger site 1 interactions due to unique residue contacts (e.g., AspA17-Arg717/Arg704 salt-bridging interactions in
dcGIV/dcSGIV and aCT). We further designed four insulin analogs and reported enhanced interactions between some analogs
and the receptors. We suggest that the findings from our study could offer future possibilities for developing new therapies for
treatment of diseases related to proteins of the insulin receptor family.
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FIGURE AND TABLE LEGENDS

FIGURE 1

Sequence and structure alignment. (A) The alignment of the primary sequences of Ins and dcVILPs (dcGIV, deSGIV, and
dcLCDV1) is shown. The residue numbering at the top corresponds to the Ins sequence. The conserved cysteine residues are
enclosed within orange boxes. The residues in dcVILPs similar to Ins are shown in blue. The dissimilar residues between dcGIV
and dcSGIV are shown in red. The deSGIV residue identical to Ins and different to dcGIV is shown in red and underlined.
Shown are the superimposed structures of the representative (B) Ins, (C) dcGIV, (D) dcSGIV, and (E) dcLCDV 1 structure of the
largest cluster from each simulation trajectory (darker colors) on the starting structure (lighter colors). The RMSD values along
with the standard deviations after the structural alignment of each representative peptide structure (from each of the three MD
simulations) to their initial structure is depicted below each superimposed structure. The A-chain and B-chain of the peptides

are shown in brown and magenta, respectively, and the disulfide bonds are represented in red sticks.

FIGURE 2

Structural models of the dcVILP/receptor complexes. The dcVILP chains and the receptor domains in each dcVILP/receptor
complex are shown in cartoon representations and uniquely labeled/colored: A-chain of each dcVILP (orange), B-chain of each
dcVILP (magenta), the L1 domain (cyan), and the aCT peptide (blue). The C,-atoms of the residues in dcVILPs corresponding
to the site-1 and site-2 residues in insulin at equivalent positions are depicted using smaller-size and larger-size spheres, respec-
tively. The spheres representing the C,-atoms of these residues are depicted in the same color as the A-chain and the B-chain
in each dcVILP. The snapshots shown in colored boxes in each column are for the complexes of dcVILPs (dcGIV, orange box;

dcSGIV, blue box; and dcLCDV1, magenta box) with uIR (top row), uIGF1R (middle row), and phybR (bottom row).

FIGURE 3

Per-residue non-bonded binding energy difference. The total non-bonded energy difference (AE) of each residue of (A)
dcGIV, (B) dcSGIV, and (C) dcLCDV1 with the IR (first row), IGFIR (second row), and hybR (third row) from the equivalent
residues of Ins are depicted. A more negative value for a given residue indicates a stronger interaction of the dcVILP residue
in comparison to the insulin residue at equivalent position. The dcVILP residue depicting significant negative (AE) values are
labeled, where the substituted residue at the equivalent position of Ins is in red and the dcVILP residue is in black. The residues

belonging to the A- and B-chains of peptides are depicted in light yellow and orange bars, respectively.
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FIGURE 4

Unique inter-residue interactions between dcVILPs and the receptors. The inter-residue interactions between each peptide
ligand (dcGIV, decSGIV, and dcLCDV1) and the receptors (IR, IGFIR, and hybR) are shown. The side-chains of residues in the
peptides are depicted as pink sticks, and of residues in the receptors are depicted as white sticks. Shown are the interactions
consistently observed in at least two representative structures from the dominant conformational clusters derived from three
independent MD simulations of each dc VILP/receptor complex. See also Table S4 for additional residue-level dc VILP/receptor

contacts.

FIGURE 5

Sequence alignment and per residue energy contribution of proposed insulin analogs. (A) Sequence alignment of hlns,
analog 1, analog 2, and analog 3 are shown. The substituted residues are shown in red. The total non-bonded energy difference
(AE) of each residue of (B) analog 1, (C) analog 2, (D) and analog 3 with the IR, IGFIR, and hybR, respectively, from the
respective residues of Ins are depicted. The total non-bonded binding energy between the Ins and each analog in complex with
the each receptor are depicted in blue and purple text, respectively. The substituted residues exhibiting lower binding energy

than the equivalent Ins residues are also labeled.
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A A-chain B-chain
1 3 5 7 9 11 13 15 17 19 21 1 3 5 7 9 11 13 15 17 19 21 23 25 27 29

Ins: GIVEQCCT-SICSLYQLENYC FVNQHLICGSHLVEALYLVCGERGFFYTPKT

dcGIV: GLADACCK-NECNENELDRY|C TYQLQVCGGELIDALTEHCGDRGVYTPSRR
dcSGIV: GLADACCK-NECDENELDRY|C THQLQVCGGELIDALTEHCGDRGVYTPPRR
dcLCDV1: GIATKCCTTTGCTTDDLEKYC SAHLVAALQRVICGNRGVYRPPPT

ITAEIL

B o 0O

vz/v

—

Ins: 1.4%0.16 A dcGIV: 2.7 £0.48 A dcSGIV: 2.5 +0.52 A dcLCDV1: 2.2 0.39 A

FIGURE 1 Sequence and structure alignment. (A) The alignment of the primary sequences of Ins and dcVILPs (dcGIV,
dcSGIV, and dcLCDV1) is shown. The residue numbering at the top corresponds to the Ins sequence. The conserved cysteine
residues are enclosed within orange boxes. The residues in dcVILPs similar to Ins are shown in blue. The dissimilar residues
between dcGIV and dcSGIV are shown in red. The decSGIV residue identical to Ins and different to dcGIV is shown in red and
underlined. Shown are the superimposed structures of the representative (B) Ins, (C) dcGIV, (D) dcSGIV, and (E) dcLCDV1
structure of the largest cluster from each simulation trajectory (darker colors) on the starting structure (lighter colors). The
RMSD values along with the standard deviations after the structural alignment of each representative peptide structure (from
each of the three MD simulations) to their initial structure is depicted below each superimposed structure. The A-chain and B-
chain of the peptides are shown in brown and magenta, respectively, and the disulfide bonds are represented in red sticks.
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FIGURE 2 Structural models of the dcVILP/receptor complexes. The dcVILP chains and the receptor domains in each
dcVILP/receptor complex are shown in cartoon representations and uniquely labeled/colored: A-chain of each dcVILP (orange),
B-chain of each dcVILP (magenta), the L1 domain (cyan), and the aCT peptide (blue). The C,-atoms of the residues in dcVILPs
corresponding to the site-1 and site-2 residues in insulin at equivalent positions are depicted using smaller-size and larger-size
spheres, respectively. The spheres representing the C,-atoms of these residues are depicted in the same color as the A-chain and
the B-chain in each dcVILP. The snapshots shown in colored boxes in each column are for the complexes of dcVILPs (dcGIV,
orange box; dcSGIV, blue box; and dcLCDV 1, magenta box) with uIR (top row), uIGFIR (middle row), and uhybR (bottom

Irow).
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FIGURE 3 Per-residue non-bonded binding energy difference. The total non-bonded energy difference (AE) of each residue
of (A) dcGIV, (B) dcSGIV, and (C) dcLCDV1 with the IR (first row), IGFIR (second row), and hybR (third row) from the
equivalent residues of Ins are depicted. A more negative value for a given residue indicates a stronger interaction of the dcVILP
residue in comparison to the insulin residue at equivalent position. The dcVILP residue depicting significant negative (AE)
values are labeled, where the substituted residue at the equivalent position of Ins is in red and the dcVILP residue is in black.
The residues belonging to the A- and B-chains of peptides are depicted in light yellow and orange bars, respectively.
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FIGURE 4 Unique inter-residue interactions between dcVILPs and the receptors. The inter-residue interactions between
each peptide ligand (dcGIV, dcSGIV, and dcLCDV1) and the receptors (IR, IGF1R, and hybR) are shown. The side-chains
of residues in the peptides are depicted as pink sticks, and of residues in the receptors are depicted as white sticks. Shown
are the interactions consistently observed in at least two representative structures from the dominant conformational clusters
derived from three independent MD simulations of each dcVILP/receptor complex. See also Table S4 for additional residue-
level dcVILP/receptor contacts.

- s\
e S ’
Tyr67 GluB1z \ AspA17 Arg704 | | Arges

hybR
5
\J-
.
{)wéi?
-
'<9
b
f
.




28

GORAI AND VASHISTH

A A-chain
1 3 5 7 9 1113 1517 19 21
hIns: GIVEQCCTSICSLYQLEN

Analog 1: GIVEQ
Analog 2: GIVEQ

OTSICSLYQLDN
0TSICSLYQLDN

B-chain
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29

FVNQHLCGSHLVEALYL ERGFFYTPKT
FVNQHLCSSHLVDALYEVCGERGFFYTPKR
FVNQHLCSSHLVEALYLVCGERGFFYTSKR

Analog 3: GIVEQCCTSICSLYQLDN FVNQHLCSSHLVDALYEVCGERGFFYTPKR
B 100 C 7 D;
87 nsulin - IR: —938 kJ/mol 1 Insulin - IGF1R: =771 kJ/mol 1 Insulin — hybR: =763 kJ/mol
601 Analog 1 - IR: =935 kJ/mol 71 Analog 2 — IGF1R: —891 kJ/mol 1 Analog 3 — hybR: —910 kJ/mol
—~ 40 1 .
S o] Hﬂ ] ]
_% o1l n | A J] - 5 ” dl H I
£ ] i L [ -
o 20 R30 D17
< -40 1 D17 ]
60 D17 r 4
-804 . J
B A T R R AR A T4 5 s te 24 38 L U L 4 b 1a 1o 2 20

FIGURESS Sequence alignment and per residue energy contribution of proposed insulin analogs. (A) Sequence alignment
of hlns, analog 1, analog 2, and analog 3 are shown. The substituted residues are shown in red. The total non-bonded energy
difference (AE) of each residue of (B) analog 1, (C) analog 2, (D) and analog 3 with the IR, IGF1R, and hybR, respectively, from
the respective residues of Ins are depicted. The total non-bonded binding energy between the Ins and each analog in complex
with the each receptor are depicted in blue and purple text, respectively. The substituted residues exhibiting lower binding energy

than the equivalent Ins residues are also labeled.
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