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SUPPLEMENTAL METHODS

Monte Carlo (MC) docking. Initial coordinates for the receptor were taken from our previous insulin/IR∆β struc-

tural models,1 which were prepared based upon a 3.8-Å-resolution X-ray crystal structure of the human insulin

receptor ectodomain (PDB code 2DTG).2 Two different sets of IR∆β coordinates, corresponding to each T and R

insulin-docked model, were extracted. The CT-peptide was then incorporated in these two IR∆β conformations by

extracting the initial coordinates of CT from the refined IR∆β structure of Smith et al.3 (PDB code 3LOH) by aligning

the L1 domain (1-157; Cα atoms) of refined IR∆β with the L1 domain (1-157; Cα atoms) of each IR∆β conformation.

The configurations for T and R insulin were sampled from an ensemble of solution conformations of each previously

generated via two separate ∼1 ns MD equilibration trajectories.1

We implemented the docking algorithm using a Tcl script in VMD4 and the source code is now available.5 Our

original MC algorithm1,6 allows exhaustive conformational sampling from solution MD equilibration trajectories

of both ligand and the receptor, but such conformation sampling is only allowed for insulin in this work because

the receptor conformations that allow binding of insulin are already known from our previous work.1 The docking

algorithm minimizes the van der Waals and electrostatic interaction energies between all ligand atoms and atoms

we defined as forming a binding pocket. The docking was performed in the previously observed accessible binding

pocket formed by the (L1-CR-L2) and (F1-F2-F3)′ domains (prime denotes domains from the subunit which does not

contribute the L1 domain to insulin accessible pocket).1 Specifically, we included the following IR∆β residues in the

MC energy calculation: (i) the L1 residues 12-16, 32, 34, 36-39, 59, 60, 62, 64, 65, 67, 86-91, 94, 96, 97, 118, 120, 121,

144, 146, 147, (ii) the CR residues 270, 271-275, 286-288, (iii) the L2 residues 315-320, (iv) the F1 residues 481-484,

554-557, 593-597, (v) the F2 residues 619-622, and 796. The CT-peptide residues 693, 696, 697, 699, 700, 703, 707, 708,

and 710 were included in each docking. The remaining CT residues 694, 695, 698, 701, 702, 705, 706, and 709 are

not solvent exposed because they are sandwiched between the CT-peptide and the L1 surface, and therefore were

not included in any docking. The trial moves in Metropolis MC sampling consisted of (i) global orientation angle

displacements of up to 2◦ (about the COM of each ligand), (ii) translational displacements of each ligand up to 1 Å,

and (iii) conformational sampling from MD equilibration trajectories of each insulin. The initial positions of ligands

were randomly generated by aligning the center of mass of each ligand with the geometric center of the binding

pocket region. We performed a total of 10 000 to 20 000 MC cycles per docking trial, which resulted in 10 docked

configurations for each insulin in the accessible pocket, and no successful dockings in the inaccessible pocket. We

also note that docking trials into unequilibrated refined IR∆β (PDB code 3LOH) were also unsuccessful.

MC-docking of R-insulin in the displaced-CT model was performed as follows. The positions of R-insulin and

the CT peptide in the lowest-free energy R/IR∆β configuration (img18; Fig. S5) were first swapped based upon

the Cα-alignment of the CT peptide residues 693-710 and insulin residues B1-B18. The conformational sampling of

ligand was carried out from a 10-ns long MD trajectory of R-insulin that showed separation of the C-terminal tail

residues (B22-B30; Fig. S15). The conformational sampling of receptor was carried out from a previously generated

∼70-ns long MD equilibration of IR∆β.1 Same residues of receptor and ligand as described above were included

in the energy calculation during MC docking protocol. We generated 10 docked configurations of R-insulin/CT

in the open pocket of IR∆β that are shown in Fig. 5B (see main manuscript). Details on the thermodynamic

characterization of these 10 docked models via string method are presented below.

Post-docking molecular dynamics (MD) simulations. Out of all docked models, we chose those two final

models (one for each T and R insulin) for structural equilibration that displayed highest degree of agreement

with experimentally known interactions between insulin and IR. The final T and R insulin-docked models have

ligand/receptor interaction energies of -64 kcal/mol and -42 kcal/mol, respectively. Each of these two models

was further equilibrated via MD simulations. Each insulin/IR∆β complex was solvated via explicit TIP3P water

in a periodic box of dimensions 160 Å × 165 Å × 125 Å. All hydrogen atoms were included, and each system

was energy minimized via 2000 cycles of conjugate-gradient optimization. The systems were neutralized with

random placement of Na+ and Cl− ions. The final T and R insulin-docked systems have 331,048 and 303,281 atoms,
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respectively. The temperature was maintained at 300K using the Langevin thermostat with damping coefficient of 5

ps−1. Non-bonded interactions were cut-off beyond 10 Å with smooth switching taking effect at 8.0 Å. Long-range

electrostatic interactions were handled using the particle mesh Ewald (PME) method with a 1 Å grid spacing. For

each system, the equilibration phase was carried out for 11-ns in the NVT ensemble using a 2-fs time step with active

rigid bonds. We generated all MD trajectories using NAMDv2.87 using the CHARMM force field8 with the CMAP

correction.9 The displaced-CT model of R-insulin/IR∆β (see Fig. 5 of the main manuscript) has 307,583 atoms in

total, and was equilibrated via a 12-ns unbiased MD simulation following similar protocols as described above.

Temperature-accelerated molecular dynamics (TAMD). We have used TAMD simulations for the conformational

sampling of the C-terminus of the B-chain of each insulin molecule. TAMD was originally proposed by Maragliano

and Vanden-Eijnden,10,11 and has been reviewed in detail previously.12 In this work, we have used TAMD as it was

originally implemented in NAMD by Abrams and Vanden-Eijnden13 as a unique method to study the large-scale

conformational changes in proteins. Therefore, we briefly describe the underlying equations here. The coupled

system of equations describing TAMD are as follows:

miẍi = −
∂V (x)

∂xi

− κ

m
∑

j=1

[θ∗j (x)− θj ]
∂θ∗j (x)

∂xi

− γmiẋi + ηi(t;β)

γ̄m̄j θ̇j = κ[θ∗j (x)− θj ] + ξj(t; β̄) (S1)

where θ∗(x) = (θ∗1(x),θ∗2(x),......,θ∗m(x)) are collective variables that are functions of atom Cartesian coordinates, mi and

m̄j are the masses of xi and θj , V(x) is the interatomic MD potential, κ is the “coupling spring-constant”, γ is the

Langevin friction coefficient, η is the white noise satisfying fluctuation-dissipation theorem at physical temperature

β−1, γ̄ and ξ respectively are fictitious friction and thermal noise at artificial temperature β̄−1.
The aforementioned set of equations describe the motion of x(t) and θ(t) over the extended potential

Uκ(x, θ) = V (x) +
κ

2

m
∑

j=1

[θ∗j (x)− θj ]
2

(S2)

As shown previously,10 by choosing κ so that θ∗(x(t)) ≈ θ(t) and fictitious friction coefficient γ̄ so that θ moves

slower than x, we can generate a trajectory at artificial temperature β̄−1 subject to the free energy computed at

the physical temperature β−1. Hence, we have chosen a TAMD friction γ̄ of 500 ps−1 and a spring constant κ of

100 kcal/mol·Å2. Here, we choose the Cartesian coordinates of centers of mass of spatially contiguous groups of

residues as CVs. Particularly, the residues in the C-terminus of B-chain (23-30) were divided into four subgroups (4

groups of 2 residues each) and hence 12 CVs. Therefore, the conformational sampling of only B-chain C-terminus

was accelerated via TAMD at a fictitious thermal energy (β̄−1) of 6 kcal/mol and the remaining atoms in the system

evolved under the CHARMM force field. We have also carried out two additional TAMD runs with different initial

velocities, and at a fictitious thermal energy of 6 kcal/mol and 5kcal/mol. All other parameters were identical to

the original TAMD run. We describe data from these TAMD trajectories in the Supplemental Results.

String method calculations for conformational change in the C-terminus of the B-chain of insulin. We have recently

used TAMD in combination with the string method to characterize a large-scale conformational change in the

insulin receptor kinase domain (IRKD), and hence, implementation details remain similar to as described before.14

The string method15–20 is a technique to compute the minimum free energy path (MFEP) in a large but finite set

of CVs, functions of the atomic Cartesian coordinates. A MFEP is defined as the curve whose tangent is always

parallel to the gradient of the free energy (the mean force) times a metric factor which, for the case of linear CVs

used here, is constant and diagonal. The algorithm works by iteratively refining (vide infra) an initial “string”, i.e. a

collection of discrete configurations of the system known as images. The string method and its variants have been

used previously for many diverse problems.21–23
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Initial string. The images in the initial strings in our work were chosen from the ∼40 ns long TAMD simulations

of the C-terminus of the B-chain of each insulin (vide supra). Because TAMD trajectories can spend significant

time exploring the phase-space locally, not every configuration in a TAMD trajectory contributes to the reactive

trajectory. Hence, we carefully pruned the TAMD trajectory such that configurations that take the system away

from the initial state, yet toward the final state are chosen. The configurations chosen this way, although unique

and discrete, are not equidistant in CV-space, which is a requirement for the iterative string evolution. Hence, using

the re-parameterization procedure described in the original string method work,19 we created 25 (0, 1, 2, · · · , 24)

equidistant images that form our initial string for each insulin/receptor complex. Because the initial string is merely

a rough estimate of MFEP, the iterative refinement of this initial guess toward MFEP may still be required. We

have found that TAMD-generated paths are statistically relevant and closely resemble MFEP.14 Hence, we suggest

that TAMD is an ideally suited method for generating such initial paths, because the conformational transitions in

TAMD are obtained from the exploration of the free-energy landscape at the physical temperature β−1.11,13,19

String evolution. Strings were evolved by computing the mean force at each image along the strings at each

iteration. One can obtain the mean force for each image from restrained MD simulations, i.e. using the potential

defined in eq. S2 but with θj fixed, and using the estimator described in Maragliano et al.19 In this work, we used

100 ps long restrained simulations with force constant k = 5 kcal/mol·Å2, after having equilibrated the system at

each image using a significantly higher k. The 100 ps long trajectories were used for the mean force estimation

at each image. However, the mean forces in the final converged strings were estimated using significantly longer

trajectories for each image. Weak harmonic restraints were also used on the receptor backbone and part of the insulin

molecules (except B21-B30) to avoid net translation and rotation during restrained runs, because CVs in our case are

not “internal” coordinates. We updated the images in each string by measuring the mean restraining force (or the

negative gradient of the free energy F) for each CV (θ∗j ) using the following equation:

~f
mean
θ∗
j

= −
∂F (θ∗)

∂θ∗j
≈ k(〈θ∗j 〉 − θ

∗
j ) (S3)

We also note that the string images for each insulin were updated using the full force computed at each image

and not its orthogonal component, since using the full force simplifies and improves18 the original implementation.

Hence, it was not necessary to smooth the strings in this work (a smoothing step was used in the projected-force

evolution of the string to improve the tangent calculation). All string calculations were carried out with explicitly

solvated and ionized images in NAMDv2.8 using the CHARMM force-field (vide supra).

Potential of mean force (free-energy) calculations. The free energy profile at each string iteration can be computed

by integrating the mean force along the string19 using the following equation:

PMF =

α
∫

0

[

N
∑

j=1

~f
mean
θ∗
j

× tθ∗
j

]

dα (S4)

where N is the total number of CVs (12 here), ~fmean
θ∗

j
can be computed using equation S3, and tθ∗

j
is the tangent

to the path for that CV. The tangent calculation was performed using the forward difference formula for the first

image, the backward difference formula for the last image, and the central difference formula for all other images.

The integral was computed using the trapezoidal rule. PMF along the path is then a sum over the product of mean

force at each image multiplied by the tangent to the path at that point. We point out that the free-energy profiles

computed by the string method are in the space of CVs, which is nonetheless multi-dimensional for each string (12

dimensional here corresponding to 12 CVs).

String convergence. To assess the convergence to the MFEP, we monitored three properties during successive

string iterations for each insulin/IR complex: (a) the free energy profiles, (b) the root-mean square deviation
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(RMSD) of the string in CV-space, (c) the average string RMSD over different iterations. We present these results in

Fig. S2 and Fig. S3, while the snaphots of converged images in MFEP are presented in Fig. S4 and Fig. S5. The error

bars for PMF were estimated by measuring the statistical fluctuations of each image in the converged string using

independent simulations. The last images in each string were also allowed to evolve.

String method calculations for the displaced-CT model. For the thermodynamic characterization of 10 MC docked

structural models of R-insulin/IR∆β complexes, we used the string method in collective variables (vide supra). We

first created an initial string containing 10 images corresponding to 10 MC docked configurations. As CVs for the

evolution of string, we chose the center-of-mass Cartesian coordinates of R-insulin and CT together, because MC

docking was performed on the joint COM of R-insulin and CT. For estimation of the mean force at each image,

we used 100 ps long restrained simulations with force constant k = 50 kcal/mol·Å2, after having equilibrated the

system at each image using a significantly higher k. The free-energy profiles at each string iteration (Fig. 6A) were

computed using same methodologies as described above.

Definitions of observables: Buried surface area (BSA) and binding pocket radius of gyration (Rg). The buried surface

area (BSA) between any two domains A and B is computed by subtracting the solvent-accessible surface area (SASA)

of the isolated AB complex from the sum of SASAs of isolated and separate A and B domains:

BSA(AB) = SASA(A) + SASA(B)− SASA(AB) (S5)

All SASA calculations were done with VMD using a probe radius of 1.4 Å. Hereafter, when referring to the interface

between domains A and B, we use the notation “A/B”. The residues used to measure size of the binding pockets

using the radius of gyration Rg have been described before.1 For any collection of N atoms each having Cartesian

position ri and mass mi, Rg is defined as

R2
g =

∑N

i=1 mi (ri − rCM)
2

∑N

i=1 mi

(S6)

where rCM is the center of mass of the collection.

Collective variable conformational metrics. We have previously used1 identical conformational metrics as de-

scribed below to characterize apo-IR∆β. In order to characterize the overall conformational variability of the IR∆β

ectodomain observed during the MD and TAMD simulations, we defined a set of collective variables based on the

center-of-mass positions of each domain and the locations of the hinges between them. Each subunit is conceptual-

ized as a linear chain of “mapping points” that correspond to positions of domains and the hinges connecting them.

Domains L1, L2, F1, F2, and F3 of each subunit contribute a mapping point. The L1-L2, F1-F2, and F2-F3 intradomain

hinge mapping points are defined as the centers of mass, respectively, of residues 304 to 308; 559, 592, and 621; and

638, 775, 807, and 840. Finally, a common “apex hinge” mapping point connects L2, L2′, F1, and F1′ and is defined

as the center of mass of the four-domain apex. In this manner, the entire IR∆β structure (more than 25,000 atoms

distributed over 1,612 residues) is coarse-grained onto 17 Cartesian positions for conformational analysis. The set

of collective variables considered here based on these mapping points are (1) the F1-F2 and F1′-F2′ hinge angles; (2)

the L1-L2 and L1′-L2′ hinge angles; (3) the L2/F1′ and L2′/F1 hinge angles, and (4) the L1-L2↔Fn1′-F2′ and L1′-

L2′↔F1-F2 interhinge distances. Hereafter, when referring to the hinge angle due to domains A and B, we use the

notation “A-B”. [Note the labelling distinction between interfaces (“A/B”) and hinge angles (“A-B”)].

SUPPLEMENTAL RESULTS AND DISCUSSION

Characterization of receptor dynamics during MD equilibration of MC-docked models of T/IR∆β and R/IR∆β.

We equilibrated our MC docked models of T- and R-insulin for 11-ns via explicit-solvent MD simulations. We

show data characterizing the intradomain relaxation and flexibility of the receptor during these simulations for each
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insulin/receptor complex in Fig. S6. Specifically, we show the RMSD traces for backbone Cα atoms of each domain

of ligand-bound IR∆β during the 11-ns long MD trajectories. These data generally indicate that the overall fold of

each domain is preserved during MD relaxation given their modest RMSD values between 1 to 5 Å. The CR domain

and the fibronectin repeats show relatively larger deviations than the L1 and L2 domains, which drift very little

in comparison to other domains. The apparent mobility of fibronectin domains could be both due to the absence of

membrane-anchors as well as their lower resolution (in comparison to L1-CR-L2) in the crystal structure of apo-IR∆β

(PDB code 2DTG). These flexibility mechanisms are consistent with our earlier work.1

We further describe interdomain flexibility of ligand-bound IR∆β via a coarse-grained representation using col-

lective geometric variables such as interdomain hinge angles and distances defined in terms of Cartesian positions

of “mapping points” (see Supplemental Methods for definitions of mapping points). We show the labeled collective

variable traces in Fig. S7 for each insulin/IR complex. In general, we observe that the F1-F2 hinges of IR∆β for

each complex tend to stay more open than what is observed in the crystal structure, while the L1-L2 hinges tend

to stay contracted in comparison to the crystal structure values. For each complex, the L2-F1 hinges on the apex of

receptor ectodomain maintain their crystallographic values throughout equilibration. The distances between F1-F2

and L1-L2 hinges on both sides for T/IR complex decrease in the beginning before reaching values observed in the

crystal structure towards the end, but the same hinges for R/IR do not appreciably change during equilibration.

Consistent with inter-domain hinge-angle fluctuations are buried surface areas (BSA) and the size of each binding

pocket, which jointly characterize intersubunit flexibility (Fig. S8A). We observe that BSA values at the L1/F2

interfaces on both sides (for each complex) are higher than their values in the crystal structure. At the L2/F1

interfaces, BSA values for the T/IR complex are higher than their values in the crystal structure, while for R/IR

complex, BSA values decrease on both sides only to regain their crystallographic values. Both binding pockets in

the R/IR complex tend to become equally open as seen in the crystal structure, however, the size of pockets does

not change appreciably for the T/IR complex during MD equilibration.

Characterization of bound ligands during MD equilibration of MC-docked models of T/IR∆β and R/IR∆β. To

characterize the change in ligands during MD equilibration, we present same metrics as presented in Fig. 2A

(see main manuscript). Specifically, we do not see any appreciable change in the conformation of bound insulin

molecules as indicated by RMSD values of the C-terminal tail (B21-B30) of each insulin (①; Fig. S8B), also resulting

in no exposure of BSA between the C-terminal tail and the rest of insulin molecules (②; Fig. S8B). During MD

equilibrations, no increased registry with the L1 domain is seen for either insulin as indicated by BSA between

each insulin and L1 (③; Fig. S8B). The conformation of CT fluctuates slightly more in the T/IR complex than in the

R/IR complex (④ in Fig. S8B, and snapshots of CT in Fig. S8C). Two different views of the conformations of docked

insulin molecules after MD equilibration are shown in Fig. S9.

Characterization of receptor dynamics during TAMD simulations of MC-docked and MD-equilibrated models of

T/IR∆β and R/IR∆β. RMSD traces for each domain of IR, similar to Fig. S6, are shown for TAMD simulations of

each complex in Fig. S10. These data are consistent with what is seen in the MD equilibration (vide supra) and in our

previous simulations.1 We observe that: (i) domains maintain their overall fold; (ii) L1 and L2 domains are relatively

rigid with CR domains (connecting L1 and L2) having higher flexibility; (iii) fibronectin domains are most flexible

with pronounced flexibility in the F3 domains due to conformational change in each ligand (see Table S2 for mean

distances between the pair of F2-F2′ and F3-F3′ domains).

Similar to Fig. S7, we show traces of collective geometric variables that characterize interdomain flexibility of

IR∆β during TAMD simulations in Fig. S11. Consistent with what is observed during MD simulations (vide sipra),

the F1-F2 hinges of IR∆β for each complex tend to stay more open than what is observed in the crystal structure,

while the L2-F1 hinges on the apex of receptor ectodomain nearly maintain their crystallographic values throughout

equilibration. The L1-L2 hinge on the ligand-bound side in the T/IR complex is more open, while the same hinge

on the unoccupied side of IR is contracted in comparison to values observed in the crystal structure. The distances

between F1-F2 and L1-L2 hinges are near crystallographic for each complex.
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To characterize intersubunit flexibility of IR during TAMD simulations, we show traces of interdomain buried

surface areas (BSA) and the size of each binding pocket of IR∆β in Fig. S12. We observe correlated asymmetric

fluctuations in the L1/F2 and L2/F1 interfaces on the ligand-bound side of T/IR complex: the L1/F2 interfaces

become more open, and the L2/F1 interfaces become significantly closed, while both interfaces on the unoccupied

side in the T/IR complex maintain values either more than or close to the values in the crystal structure. On the

ligand-bound side of the R/IR complex, the L1/F2 interface is more compact than the crystal structure, while the

L2/F1 interface during early part of TAMD simulation is more open only to recover to crystallographic values in the

end. The binding pocket on the ligand-bound side of T/IR does not appreciably change during TAMD simulation,

but the binding pocket on the unoccupied side recovers to crystallograhic size. For the R-IR complex, binding

pocket on the ligand-bound side of IR∆β transitions to become more closed than initially, while the pocket on

the unoccupied side of IR does not appreciably change in comparison to its initial size. It is interesting to note

that closing transition in the ligand-occupied binding pocket of R/IR∆β complex is concurrent with the onset of

increased contacts of R-insulin with L1, which occurs after the C-terminal tail (B21-B30) has moved away from the

N-terminus of the A-chain exposing the receptor-binding surface of R-insulin (see results in the main manuscript).

These observations collectively are consistent with our previous work,1,6 and suggest that ligand-binding only

induces subtle conformational changes in the individual domains of each IR subunit. Moreover, the asymmetry

observed in the intersubunit interfaces and binding pockets allows IR to work as a “harmonic-oscillator” where

small amount of thermal energy can drive the receptor between symmetry-inverted asymmetric active states as

proposed by Kiselyov et al.24 We also note that these observations are also consistent with a “see-saw” model of

negative cooperativity.2

Key structural properties characterizing the dynamics of receptor and bound-insulin molecules in the minimum-free

energy path computed by the string method. For each image in the MFEP, we show BSA at all four intersubunit

interfaces of IR∆β for each insulin/receptor complex in Fig. S13A. Key BSA and RMSD of bound-insulin molecules,

similar to Fig 2A (see main manuscript), are reported in Fig. S13B for each image in MFEP along with snapshots of

CT peptide in Fig. S13C. Snapshots for two different views of R-insulin on the L1 surface from the lowest free-energy

image 18 are shown in Fig. S14. These observations are consistent with what is observed in TAMD simulations (see

main and supplemental results for TAMD simulations).

Equilibration of R-insulin docked IR∆β in the displaced-CT model. We equilibrated the R-insulin docked IR∆β

(displaced-CT model; see Fig. 5 in the main manuscript) via a 12-ns explicit-solvent MD simulation. Snapshots

from this equilibration run are shown in Fig. S17A and key geometric properties of the receptor and bound-ligand

are shown in Fig. S17B. Specifically, we observe that buried surface area between R-insulin and the L1 domain of

IR increases during equilibration suggesting an increased registry between hormone and the key ligand-binding

surface on L1. We also observe that the receptor pocket to which R-insulin is bound becomes more compact, while

the unoccupied pocket of the receptor becomes more open during equilibration suggesting the binding of a single

ligand on one-side of IR likely loosens interfaces on the other-side which can allow binding of another ligand

molecules with 2:2 (insulin:IR) stoichiometry. Interestingly, we also observe that ligand-binding leads to the closing

of the legs of receptor ectodomain as indicated by distance between the pair of FnIII domains.

Additional TAMD simulations. We have carried out two additional sets of TAMD simulations for each insulin/IR

complex, and properties of bound-insulin molecules, similar to Fig. 2A, are reported in Fig. S19. Similar to as

observed for the original ∼40-ns long TAMD simulation of each complex (see main manuscript results), we observe

the conformational change in the C-terminus of the B-chain of each insulin (①; Fig. S19), which results in the

exposure of the buried surface of each insulin (②; Fig. S19). The CT-peptide maintains its contact surface with L1 (③;

Fig. S19) as observed in the original TAMD simulations (see main manuscript).

Comparison of TAMD-generated conformations of each insulin with a novel insulin analogue. We have compared
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TAMD-generated conformations of each insulin with a novel-insulin analogue crystallized by Jíraĉek et al.,25 which

differs from the wild-type hormone in the conformation of the C-terminus of the B-chain. We have made these

comparisons in two different ways. Firstly, we compute from TAMD simulation of each insulin the RMSD of Cα

(with reference to the crystal structure of novel analogue; PDB code 2WRX) atoms of the C-terminal tail residues

(B21-B30), and show the snapshot of the overlay of lowest-RMSD (in C-tail) conformation of each insulin with the

novel analogue in the top panels of Fig. S20. Secondly, we conduct a 10-ns long explicit-solvent MD equilibration

of the novel insulin analogue (PDB code 2WRX), and compute RMSD, as in the first step, of the C-terminal tail

residues of this analogue with reference to lowest-RMSD conformation of each insulin observed from TAMD

simulations. Snapshots from these overlays are reported in the bottom panels of Fig. S20. In all cases, we find that

TAMD-generated conformations conform to what has been shown by novel insulin analogue in that the C-terminus

of the B-chain moves away from the N-terminal residues of the A-chain. Also, we observe from MD simulations that

the C-terminus of the B-chain of novel analogue has considerable flexibility (RMSD of Cα tail residues is ∼6.22±2.55

Å). We note that we have also compared (data not shown) in a similar manner another nearly-complete insulin

analogue (PDB code 2WS1) with our TAMD-generated conformations of each insulin and similar RMSD values

are seen. These data further lend support to our conclusion that TAMD-generated conformations are statistically

signifcant, and are representative of conformations observed in the crystal structures as shown in this work and

earlier.14

Flexibility of membrane-proximal domains of IR in apo vs. ligand-bound simulations. Finally, it may be informative

to understand how the dynamics of soluble ectodomain differs in apo vs. ligand-bound forms because insulin

binding to the holo-receptor triggers compaction of ligand/receptor complex,26 causing trans-autophosphorylation

in the cytoplasmic kinase domains. Therefore, we analyzed 18 simulations (6 apo and 12 ligand-bound) of apo

vs. ligand-bound forms of IR and IGF1R for distances between the centers of mass of pair of membrane-proximal

(“legs”) F2-F2′ and F3-F3′ domains (Table S2). Generally, we find the following for the F3-F3′ pair : (i) soluble apo-

ectodomain structures of IR2,3 and IGF1R27 display an equal probability of opening/closing of receptor legs (with

reference to the starting structure); (ii) the ligand-binding seems to stabilize the legs of soluble ectodomains such

that the distances either stay relatively close to the initial structure or tend to decrease by ∼3-5 Å on average. The

distances of the F2-F2′ pair are (nearly) always slightly greater than what is observed in the initial structures, both

for apo and ligand-bound trajectories.
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TABLE S1: Key site-1 and site-2 residues of insulin28–35 and the receptor36–56 suggested by site-specific mutagenesis

and chimeric receptor constructs. Red indicates sites of clinical insulin mutations:33,57 PheB24
→Ser;58

PheB25
→Leu;59 ValA3

→Leu;60 and HisB10
→Asp.61 The domains of the receptor to which each residue of IR belongs

are also listed.

Insulin Receptor

site-1 site-2 site-1 site-2

GlyA1 SerA12 Asp12 (L1) Lys484 (F1)

IleA2 LeuA13 Ile13 (L1) Leu552 (F1)

ValA3a TyrA14 Arg14 (L1) Asp591 (F1)

GlnA5 GluA17 Asn15 (L1) Ile602 (F2)

ThrA8 LeuB6 Gln34 (L1) Lys616 (F2)

TyrA19 HisB10 Leu36 (L1) Asp620 (F2)

AsnA21 GluB13 Leu37 (L1) Pro621 (F2)

ValB12 LeuB17 Phe39 (L1)

TyrB16 ValB18 Glu44 (L1)

PheB24b Phe64 (L1)

PheB25c Tyr67 (L1)

TyrB26 Phe89 (L1)

Asn90 (L1)

Tyr91 (L1)

Phe705 (CT)

Glu706 (CT)

Asp707 (CT)

Tyr708 (CT)

Leu709 (CT)

Asn711 (CT)

Val712 (CT)

Phe714 (CT)

Pro716 (CT)

Arg717 (CT)

ainsulin Wakayama
binsulin Los Angeles
cinsulin Chicago
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TABLE S2: Separation of legs in the apo and ligand-bound simulations of the receptors of the insulin family.

Mean (µ) and standard deviation (σ) of distances between the centers of mass (COM) of the pair of F3/F3′ and

F2/F2′ domains are reported. Arrows indicate the increase/decrease of mean separation (in comparison to

their base-values) between the pair of fibronectin domains.

System Initial coordinates (ref.) Simulation Trajectory F3com-F3′
com (Å) F2com-F2′

com (Å)

type (ref.) length (∼ns) µ±σ (base-value∗) µ±σ (base-value∗)

apo-IR∆β w/o CT 2DTG2 MD1 67 111.06± 7.67 (102.76) ↑ 84.34±6.16 (78.68) ↑

apo-IR∆β w/o CT 2DTG2 MD1 15 97.46± 3.43 (102.76) ↓ 79.70±1.55 (78.68) ↑

apo-IR∆β w CT 3LOH3 MD† 28 127.62±11.92 (102.76) ↑ 89.36±4.98 (78.68) ↑

apo-IR∆β w CT 3LOH3 MD† 22 99.30± 2.01 (102.76) ↓ 78.96±1.81 (78.68) ↑

apo-IGF1R∆β w/o CT Homology modeled27 MD6 30 82.30± 6.16 (93.94) ↓ 73.03±2.58 (73.66) ↓

apo-IGF1R∆β w/o CT Homology modeled27 MD6 30 106.68± 4.74 (93.94) ↑ 84.42±3.41 (73.66) ↑

T/IR∆β w/o CT MC Docking1 MD1 30 101.27± 3.41 (102.76) ↓ 78.77±2.28 (78.68) ↑

R/IR∆β w/o CT MC Docking1 MD1 30 99.87± 2.71 (102.76) ↓ 79.23±2.56 (78.68) ↑

IGF1/IGF1R∆β w/o CT MC Docking6 MD6 36 93.36± 3.00 (93.94) ↓ 80.78±2.64 (73.66) ↑

IGF2/IGF1R∆β w/o CT MC Docking6 MD6 36 86.39± 2.65 (93.94) ↓ 74.84±2.20 (73.66) ↑

T/IR∆β w CT MC Docking‡ MD‡ 10 103.59± 1.40 (102.76) ↑ 79.61±1.50 (78.68) ↑

R/IR∆β w CT MC Docking‡ MD‡ 10 100.18± 1.60 (102.76) ↓ 79.15±1.14 (78.68) ↑

T/IR∆β w CT MC Docking‡ TAMD‡ 40 110.62± 5.02 (102.76) ↑ 84.27±3.39 (78.68) ↑

R/IR∆β w CT MC Docking‡ TAMD‡ 40 107.95± 5.99 (102.76) ↑ 82.65±3.28 (78.68) ↑

T/IR∆β w CT MC Docking‡ TAMD‡ 28 95.22± 3.89 (102.76) ↓ 77.34±4.08 (78.68) ↓

R/IR∆β w CT MC Docking‡ TAMD‡ 31 105.55± 3.92 (102.76) ↑ 85.06±2.94 (78.68) ↑

T/IR∆β w CT MC Docking‡ TAMD‡ 23 113.80± 5.63 (102.76) ↑ 86.99±2.46 (78.68) ↑

R/IR∆β w CT MC Docking‡ TAMD‡ 24 108.17± 3.84 (102.76) ↑ 86.07±3.37 (78.68) ↑

∗ base-values indicate distances measured in the apo-state crystal structure (IR) or the homology model (IGF1R), while

mean (µ) and standard deviation (σ) are measured from simulations
† unpublished
‡ this work
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FIGURE S1: (A) Schematic view of the refined IR∆β crystal structure with CT peptide (PDB code 3LOH) along +Z
direction with subunit 1 in cartoon and subunit 2 as bonds. (B) F1, F2, and F3 domains of subunit 1, and L1′, CR′,

and L2′ domains of subunit 2 viewed along the -X direction. Domains are denoted in color: brown, L1; yellow, CR;

green, L2; magenta, F1; cyan, F2; blue, F3. The intersubunit Cys524-Cys524
′

disulfide is shown in (A) and
approximate locations of site 1′ and site 2 indicated in (B). The resolved helical CT peptide in both panels is shown

as red cartoon.
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FIGURE S2: Convergence properties of the TAMD-generated activation pathway for T-insulin during each string
iteration. (A) Potential of mean force (PMF) profiles. (B) Each image’s root-mean squared deviation (RMSD) from

respective image in the initial string. (C) RMSD averaged over all images of the string.
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FIGURE S3: Convergence properties of the TAMD-generated activation pathway for R-insulin during each string
iteration. (A) Potential of mean force (PMF) profiles. (B) Each image’s root-mean squared deviation (RMSD) from

respective image in the initial string. (C) RMSD averaged over all images of the string.
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FIGURE S4: Representative conformations of T-insulin docked IR∆β from 25 minimum-free energy path (MFEP)
images, with CT peptide in red transparent cartoon. The insulin molecule is shown in black transparent cartoon

except the C-terminus of the B-chain (residue 22-30), which is not transparent. One half of the homo-dimeric
receptor is shown as white transparent cartoon.
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FIGURE S5: Representative conformations of R-insulin docked IR∆β from 25 minimum-free energy path (MFEP)
images, with CT peptide in red transparent cartoon. The insulin molecule is shown in black transparent cartoon

except the C-terminus of the B-chain (residue 22-30), which is not transparent. One half of the homo-dimeric
receptor is shown as white transparent cartoon.
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FIGURE S8: (A) For each insulin/IR∆β complex, buried surface area traces between L1/F2 and L2/F1 domains,
and the radius of gyration (Rg) traces for each binding pocket during MD equilibration. (B) cf. Fig. 2A in the main
article for caption. (C) Shown are the snapshots (every 0.5 ns of the trajectory) of the CT-peptide (labeled CT and

shown as a cylindrical tube) highlighted on the surface of the L1 domain (trajectories were aligned based upon L1
domain residues 1-157; Cα). Some of the terminal residues of CT spontaneously fold/unfold during simulations.

Red indicates positions of CT at the beginning and blue at the end of each trajectory.

S18



T−insulin/IR R−insulin/IRA B

FIGURE S9: Snapshots of contacts between residues of each insulin and IR∆β after MD equilibration. cf. Fig. 1 in
the main article for caption.
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manuscript) of each insulin/IR∆β complex.
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simulation (see main manuscript) of each insulin/IR∆β complex. Horizontal lines denote the values measured in

the crystal structure (PDB code 3LOH) and vertical lines the scale of each curve.
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FIGURE S12: For each insulin/IR∆β complex, buried surface area traces between L1/F2 and L2/F1 domains, and
the radius of gyration (Rg) traces for each binding pocket during ∼40-ns TAMD simulations.
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FIGURE S13: Dynamics of receptor, bound-insulin molecules, and the CT-peptide for each minimum-free energy
path (MFEP) image. cf. Fig. S8 for caption details.
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A B

FIGURE S14: Residue-residue contacts between insulin, and L1/CT (IR∆β) in the MFEP image#18 (front and side
views on the L1 surface are shown). cf. Fig. 1 in the main article for caption.

start end

FIGURE S15: Conformational change observed in the C-terminus of the B-chain of R-insulin during a 10-ns
unbiased MD simulation is shown. The C-terminus of the B-chain is shown as yellow cartoon with A-chain and

B-chain as dark blue and light blue cartoons, respectively.

S22



L1

F1’

F2’

CT

A−chain

B−chain

site−2

FIGURE S16: Site-2 binding surface of docked R-insulin is highlighted in the displaced-CT model (cf. Fig. 5 in the
main manuscript). Receptor domains are labeled inside square boxes with labeled insulin chains, and the CT

peptide. A rough boundary showing site-2 receptor binding patch of insulin is highlighted in cyan, while site-2
resodies of IR in (F1-F2)′ domains are shown in transparent cyan surfaces.
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FIGURE S17: (A) Snapshots of docked insulin at three different timepoints from a 12-ns MD equilibration. cf.
Fig. 5 in the main manuscript for coloring and labeling details. (B) Traces for buried surface area between docked

insulin and L1, radius of gyration (Rg) of ligand-occupied and unoccupied pockets of receptor, and distance
between the centers-of-mass of fibronectin-III domains (legs) as a function of simulation time (ns) are shown.
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A−chain/domain

B−chain/domain

CT

C−teminus/C−domain
L1

D−domain

FIGURE S18: Overlay of insulin-like growth factor-1 (IGF1; dark blue cartoon) along with R-insulin (light blue
cartoon) on the surface of the L1 domain of IR. IGF1 was aligned on the bound R-insulin monomer in the

displaced-CT model (Fig. 5) based upon the A-chain/domain residues. Individual chains/domains of insulin/IGF1
are colored and labeled. The flexible C-terminus of the B-chain of R-insulin is yellow cartoon, and the

corresponding C-domain of IGF1 is green cartoon. The sidechains of residues in the FFY/FYF sequence of
insulin/IGF1 are also highlighted in respective colored sticks.
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FIGURE S19: RMSD and BSA traces from additional TAMD trajectories for conformational change in the
C-terminus of the B-chain of T- and R-insulin: (A) second set of additional TAMD runs (at a fictitious thermal

energy β̄−1=6 kcal/mol). (B) third set of additional TAMD runs (at a fictitious thermal energy β̄−1=5 kcal/mol). cf.
Fig. 2A in the main article for caption.
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FIGURE S20: Comparison of TAMD-generated conformations of each insulin with a novel-insulin analogue. Top
left and right panels, respectively for T- and R-insulin, show an overlay of the crystallized conformation of a

novel-insulin analogue ([N-Methylated-AlaB26]-insulin; PDB code 2WRX) and the TAMD-generated lowest RMSD
(with respect to 2WRX for tail residues B22-B30; Cα) conformations for each insulin. Bottom left and right panels,

respectively for each insulin, show an overlay of tamd-generated conformation of each insulin shown in top panels,
and the lowest RMSD (with respect to TAMD-generated conformations of each insulin (top panels ) for tail residues

B22-B30; Cα) conformation of novel-insulin analogue sampled fron an explicit-solvent 10 ns MD simulation. The
insulin molecules are aligned based upon the residues of A- and B-chain (A1-A21 and B8-B19; Cα). The RMSD (Å)
of tail residues are shown on the lower right corner of each panel, and the residues FB24, FB25, and YB26/AB26 are

shown in sticks.
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