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Characterization of Structural Collective Variables for Markov States 
 To quantitatively analyze native contacts in the dimer state, the number of contacts were 

calculated by defining atom pairs of interest and using a rational switching function in Eqn. (1) to 

determine if the pairs were in contact. 
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To calculate nα and nβ, the number of α contacts and β contacts at the dimer interface for a particular 

structure, the average over s(rij) is calculated for all pairs of Cα atoms summarized in Table S1. 

Pairs of Cα atoms for calculating number of contacts.1 M1 and M2 represents the monomer 1 and 

2 in the dimer structure. for comparison with the result in ref. 1. To compare with results from 

Bagchi and co-workers, we also computed the number of inter-monomer contacts using every 

single possible pair of Cα atoms between monomer 1 (M1) and monomer 2 (M2), resulting in 51 

× 51 = 2601 pairs.2 The value of r0 used in the rational switching function was set to 7 Å to match 

Bagchi and co-workers calculations, as well as setting n = 6 and m = 12.3 For each Markov state 

consisting of 100 structures, the average number of the contacts was computed over the contacts 

of those 100 structures within the same Markov state with equal weight. All of the contacts were 

computed using the open-source, community-developed PLUMED library,4 version 2.5.2.5 

 

α contact β contact 

B9 (M1) ‒ B13 (M2) B24 (M1) ‒ B24 (M2) 

B9 (M1) ‒ B16 (M2) B24 (M1) ‒ B25 (M2) 

B12 (M1) ‒ B16 (M2) B24 (M1) ‒ B26 (M2) 

B13 (M1) ‒ B9 (M2) B25 (M1) ‒ B24 (M2) 

B13 (M1) ‒ B13 (M2) B25 (M1) ‒ B25 (M2) 

B16 (M1) ‒ B9 (M2) B25 (M1) ‒ B26 (M2) 

B16 (M1)‒ B12 (M2) B26 (M1) ‒ B24 (M2) 

 B26 (M1) ‒ B25 (M2) 

 B26 (M1)‒ B26 (M2) 
 

 

Table S1. Pairs of Cα atoms for calculating number of contacts.1 M1 and M2 represents the monomer 1 and 2 in 

the dimer structure.  

 

 The number of hydrogen bonds (nHB) along the β-strand were also analyzed to illustrate 

the local structural changes of the residues involved in the β-sheet (Figure S1). The presence of a 

hydrogen bond is determined using geometric criteria, such that the distance between the O on 

C=O and H on N‒H is less than or equal to 3.5 Å, and the H C O  angle, HOC , is greater or 

equal to 150°. The calculation was done using the GROMACS utility. The average number of 

hydrogen bonds of each Markov state, 〈nHB〉, was computed over 100 structures within the same 

Markov state with equal weight. 

 



 
 

Figure S1. Average contact variables of Markov states along tIC1, including (a) average number of amide hydrogen 

bonds from B23 to B26 
amide

HB
n  , (b) average number of water-amide hydrogen bonds from B23 to B26 

water

HB
n  , (c) 

average RMSD of the heavy atoms with respect to the crystal structure, (d) average number of inter-monomer 

contacts 〈nMM〉, (e) average number of α-contact 〈nα〉, and (f) number of β-contact 〈nβ〉. The average was computed 

over the structures within the same Markov state with equal weight. 

 

 

 
 

 

Figure S2. Structural characterization of the MSM including pseudo-dihedral angles of α-helices Φα and β-sheet Φβ. 

(a) Illustration of the α pseudo-dihedral angle. The blue spheres represent the centers of mass (COMs) used for 

defining the pseudo dihedral angle. (b) Illustration of the β pseudo-dihedral angle. (c‒d) Distribution of pseudo-

dihedral angles along tIC1. 



 

 To illustrate relevant global changes of different dimer structures, we also defined a set of 

pseudo dihedral angles shown in Figure S2, including the α pseudo-dihedral angle Φα, and the β 

pseudo-dihedral angle Φβ. These dihedral angles were defined using four centers of mass (COM). 

The α pseudo-dihedral angle was computed using COMs of the backbone atoms in B9‒B11 of M1, 

the backbone atoms in B17‒B19 of M1, the backbone atoms in B17‒B19 of M2, and the backbone 

atoms in B9‒B11 of M2. Similarly, β-pseudo dihedral angle was calculated using COMs of the 

backbone atoms of B24 backbone atoms in M1, B26 backbone atoms in M1, B26 backbone atoms 

in M2, and B24 backbone atoms in M2. 

 

Comparison of MSM Structures to Dimer Dissociation Free Energy Surface 
To investigate the relationship of native and twisted MSM structures with dimer 

dissociation and association mechanisms, we correlated collective variables characterizing the 

Markov states with recently calculated free energy surfaces along those CVs.1 The overlap of these 

two characterizations of insulin dimer are presented in Figure S3, illustrating a close 

correspondence of the MSM native state and the global dimer free energy minimum.  The native 

dimer state, however, does not show a clean mapping to a distinct free energy basin along all CVs, 

notably along the helix pseudo-dihedral coordinate.  



 
Figure S3. Projection of dimer MSM onto potentials of mean force (PMFs) generated from sampling of dimer 

dissociation.1 (a) PMF as a function of average distance of α and β contacts. (b) PMF as function of α pseudo-

dihedral angle, average β distance (left), and average α distance (right). (c) PMF as function of β pseudo-dihedral 

angle,  average β distance (left), and average α distance (right). 

  



Twelve-State Lumping of Dimer MSM 
 In addition to identifying hub or intermediate states, the top 20 tICs and eigenvectors of 

the transition matrix indicate that slower kinetics are associated with subgroups of the native and 

twisted states which correspond to clustered groups in our network plot. As a result, we 

investigated a reduction of the full MSM state space using a Robust Perron Cluster Cluster 

Analysis (PCCA+) of the first 20 eigenvectors of the transition matrix.6 We concluded that both 

structural, spectral, and kinetic variations can be usefully lumped into 12 states outlined in Figure 

S4, including 4 states which lie within the native state (N0, N1, N2, N3), three in the twisted state 

(T1, T2, T3), and 5 single Markov states from the 100-state MSM. The corresponding network plot 

for the 12-state lumping is shown in Figure S5. 

 

 
 

Figure S4. Markov State Model network plot of insulin dimer with state indices for all 100 Markov states and 12 

coarse-grained states. 

 

The N1 state has 16% of the population and with a backbone that closely resembles the 

crystal structure and well-folded secondary structural elements, whereas the N2 states (21%) have 

the A1 helix unfolded in one insulin monomer, and are a relatively isolated block of the transition 

matrix. N3 are the most populated (29%) and these are states that are typically traversed in 

converting between native and twisted states. Almost all N3 conformations retain the 

intermolecular α and β contacts of the crystal structure, but have one or both A1 helices unfolded 

in both monomers, with considerable conformational disorder for the termini of all chains. The T1 

state represents most of the twisted state population (20%) and most configurations are well-folded 

low disorder structures, whereas the T2 and T3 states are kinetically separated and generally have 

more disordered A chains. T3 retains the twisted dimer structures but the configuration of the A 

chain differs from T1 and is disordered. 



 The network plot readily identifies the intermediate states 80 and 45 as on-pathway 

intermediates in the conversion between native and twisted forms, with most of the flux passing 

between N3 and T1. The states 99, 16, 18, and T3 are observed to be off-pathway intermediates or 

kinetic traps. Since states 80 and 45 have water intercalated between β-strands on each monomer, 

we conclude that the primary mechanism of dimer twisting involves water disrupting the specific 

interactions of the β-sheet without significant disruption to the hydrophobic core. The remaining 

weak contacts between hydrophobic sidechains of the B chain helix provide the orientational 

flexibility to reconfigure the β-strand sidechains and contacts in its new configuration. 

 

 

 
 

Figure S5. Network plot of reduced 12-state model. Medoids of each reduced state are shown on the side.  

 
 

  



Vibrational Exciton Hamiltonian and Spectroscopic Maps 
 To facilitate understandings of the amide I IR spectra and correlate structures to spectra 

using spectroscopic maps described in the main manuscript, the vibrational exciton Hamiltonian 

can be written as 
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The indices m and n indicate the site of vibration excitation. | n  refers to a excitation of site n 

with excitation energy ωn whereas all the other sites remain in the vibrational ground state, and 

Jmn is the coupling between the sites n and m.  

 The 4P map is used to predict the amide I vibrational site energies (i.e. frequencies). The 

site frequency of an amide group in an MD frame is estimated based on the electrostatic potential 

evaluated at the position of the C, O, N, H atoms in the amide group: 

 
sites

0

1

() )(
N

i i

i

tt C 


     (3) 

In Eqn. (3), the site index i loops through the C, O, N, H atoms, and the associated coefficient Ci 

is given by the map. The map used throughout the study is 4PN-150,7 which is optimized against 

the isotope-edited NuG2b protein. The map parameters are summarized in the following Table S2. 

Note that when proline residue is present, the electrostatics of the CD atom will be evaluated instead 

of a normal H atom since its position corresponds to the H atom in normal amide bonds. Even 

though the parametrization of 4PN-150 map does not account for proline units, the only proline 

isotope-label in the present study is located at B28, which may influence the accuracy of the 

frequency prediction. However, all the other site-specific isotope labels should still be reasonable 

for interpretation purpose. 

 4PN-150 map was parametrized under MD simulations of CHARMM27 FF with SPC/E 

water model, but the coefficients were determined using CHARMM charges with modified glycine 

charges and TIP3P water model charges. However, the MD simulations of constructing the 

Markov State Models and trajectories for spectral simulations were performed based on 

AMBER99sb-ildn FF with TIP3P water. To account for differences in the electrostatics, we used 

CHARMM charges with modified glycine charges instead of AMBER charges for evaluating 

electrostatics when mapping site frequencies. Since the CHARMM charges do not have NHE/NH2 

group that is present in the AMBER FF, the NHE/NH2 charges are adapted into the electrostatic 

calculations. 

 In addition to the frequency calculation of each site, the off-diagonal vibrational coupling 

J between the two amide oscillators is obtained with coupling maps. There are two primary types 

of vibrational coupling, through-bond coupling and through-space coupling. Through-bond 

coupling between adjacent sites is generated by the DFT-based nearest-neighbor coupling map, 

and through-space coupling is computed by a transition charge coupling map.8 Note that our 

calculations do not account for C=O stretch from the terminal COOH group and sidechains. 

 



 ω0 (cm-1) CC (cm-1.e/EH) CO (cm-1.e/EH) CN (cm-1.e/EH) CH (cm-1.e/EH) ω0,PRO (cm-1) 

4PN-150 1746.4 1121.7 -1571.7 -150 600 1730.0 
 

Table S2. Map parameters used in this study.7 

 

Additional Figures on Calculated Site Frequencies and Vibrational Couplings 
 

 
 

Figure S6. Average amide I parameters of the dimer MSMs. (a‒d) Amide I frequency (cm-1) along tIC1 of (a) 

monomer 1 (M1) B24F, (b) monomer 2 (M2) B24F, (c) M1 B25F, and (d) M2 B25F. (e‒j) Excitonic coupling 

(cm-1) along tIC1 between (e) M1 B24F and M1 B25F, (f) M2 B24F and M2 B25F, (g) M1 B24F and M2 B25F, 

(h) M1 B25F and M2 B24F, (i) M1 B24F and M2 B24F, and (j) M1 B25F and M2 B25F. 

 



 
 

Figure S7. Average amide I parameters of the dimer MSMs. (a‒b) Amide I frequency (cm-1) along tIC1 of (a) M1 

A29Y, and (b) M2 A19Y. (c‒d) Excitonic coupling (cm-1) along tIC1 between (c) M1 A19Y and M1 B24F, and (d) 

M2 A19Y and M2 B24F. 
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