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Protein mechanical responses play a critical role in a wide variety of biological 

phenomena, impacting events as diverse as muscle contraction and stem cell 

differentiation. Recent advances in both experimental and computational techniques have 

provided the opportunity to explore protein constitutive properties at the molecular level. 

However, despite these advances many questions remain about how proteins respond to 

applied mechanical forces, particularly as a function of load magnitude. In order to 

address these questions, relatively simple helical structures were computationally tested 

to determine the mechanisms and kinetics of unfolding at a range of physiologically 

relevant load magnitudes. Atomically detailed constant force molecular dynamics 

simulations combined with the Milestoning kinetic analysis framework revealed that the 

mean first passage time (MFPT) of the initiation of unfolding of long (~16nm) isolated 

helical domains was a non-monotonic function of the magnitude of applied tensile load. 

The unfolding kinetics followed a profile ranging from 2.5ns (0pN) to a peak of 3.75ns 

(20pN) with a decreasing MFPT beyond 40pN reflected by an MFPT of 1ns for 100pN. 

The application of the Milestoning framework with a coarse-grained network analysis 

approach revealed that intermediate loads (15pN-25pN) retarded unfolding by opening 



 viii 

additional, slower unfolding pathways through non-native π-helical conformations. 

Analysis of coiled-coil helical pairs revealed that the presence of the second neighboring 

helix delayed unfolding initiation by a factor of 20, with calculated MFPTs ranging from 

55ns (0pN) to 85ns (25pN per helix) to 20ns (100pN per helix). The stability of the 

coiled-coil domains relative to the isolated helix was shown to reflect a decreased 

propensity to break flexibility restraining intra-helix hydrogen bonds, thereby delaying Ψ 

backbone dihedral angle rotation and unfolding. These results show for the first time a 

statistically determined profile of unfolding kinetics for an atomically detailed protein 

that is non-monotonic with respect to load caused by a change in the unfolding 

mechanism with load. Together, the methods introduced for analyzing the mechanical 

response of proteins as well as the timescales determined for the initiation of unfolding 

provide a framework for the determination of the constitutive properties of proteins and 

non-biological polymers with more complicated geometries. 
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initiates a signaling cascade that is associated with focal adhesion 

disassembly and cell motility. [A] Steric clashes prevent Grb2 from 

accessing Y925 when Helix 1 is folded. [B] Local unfolding, potentially 

due to forces transmitted through the FAT domain eliminate these 

clashes and may allow Grb2 to bind [C]. ..........................................14 

Figure 1.10. Atomic Force Microscopy (AFM) is an experimental technique that 

probes unfolding properties of proteins. [A] AFM is based on optically 

tracking the position of a cantilever tip that has been attached to a 

protein absorbed to a substrate. Retraction of the cantilever tip induces 

bending of the cantilever as the protein resists deformation. Knowledge 

of the cantilever stiffness and the extent of this bending provides the 

instantaneous force on the protein. [B] When multi-domain proteins 

(‘multi-modular’) are tested with AFM they produce a characteristic 

‘sawtooth’ pattern of force versus displacement where each peak 

corresponds to the force of unfolding. Notably, AFM does not provide 

information about the intra-protein deformation prior to unfolding due to 

limitations in resolution. ([A] and [B] adapted from 
124

). .................16 
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Figure 1.11. Reversible unfolding via AFM of two α-helices from the muscle protein 

myomesin. [A] Schematic of an experimental construct designed to 

specifically load two 21-residue α-helical linkers attached to the 

substrate and cantilever via two immunoglobulin-binding domains of 

protein G (GB1). [B] Force v. extension traces of the construct unfolding 

with each peak corresponding to the unfolding of the non-helical GB1 

domains. [C] Data from [B] recast as a function of time, illustrating the 

force plateau corresponding to rapid, repeated unfolding and refolding 

events of the two helices. (from 
7
). ...................................................18 

Figure 1.12. SMD investigation of the unfolding of α-helical domains. [A] Schematic 

of the computational set-up in which one end of a helix was fixed while 

a force was applied to the other end via a spring analogous to the AFM 

cantilever. [B] Unfolding forces determined from simulations as a 

function of the pulling speed of the reference point of the spring attached 

to the loaded end of the helix. SDM and FDM refer to the so-called 

‘slow deformation mode’ and ‘fast deformation mode’, respectively. 

(adapted from 
18

) ...............................................................................20 

Figure 2.1. Anchors, Milestones and Trajectory Schematic. Schematic representation 

of an exact trajectory (multi-color curve) on a two-dimensional energy 

surface. Light blue small circles and straight lines denote anchors and 

Milestones, respectively. Milestones divide the complete trajectory into 

fragments, which represent transitions between Milestones. Each distinct 

color indicates a different trajectory fragment—and a transition. 

Transitions between Milestones are enumerated in order to estimate the 

flux used in the coarse-grained equation describing the kinetics. ....29 



 xxv 

Figure 2.2. CFMD Simulation Box and Load Application [Top] The 7.4x8.2x25.6nm 

rectangular, simulation box, filled with explicit water, used in the 

constant-force molecular dynamics (CFMD) computations. The 

simulated helix contained 126 protein residues from chain A of the 

human cardiac β-myosin S2 domain (2fxm.pdb
32

; chain A referred to as 

2fxmA): 49,605 explicit SPC water molecules and 193 counter-ions 

(102 Na+ and 91 Cl-). [Bottom] Illustration of loading groups on the 

2fxmA chain. Loading groups were the 18 C- and N-terminal residues; 

86 of the 90 residues between these C- and N-terminal loading groups 

were used for analysis. Two unloaded residues on either side of the 86-

residue interior were not used in the analysis to minimize end effects 

from the applied loads. GROMACS’s CFMD loading method partitions 

the total, user-specified, load ( totF
) in a user-prescribed direction over all 

atoms of the loaded groups on a mass-weighted basis such that the 

forces on atom i  are given by i
i tot

m
F F

M
   
 

 where im  is the mass of 

the atom, M is the sum of the masses. The CFMD approach maintains 

these two quantities (magnitude and direction) constant during the entire 

simulation. All protein structures were generated with PyMol (The 

PyMOL Molecular Graphics System, Version 1.3, Schrödinger, LLC).

...........................................................................................................37 
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Figure 2.3. 310-, α-, and π-Helical Hydrogen-Bond Types Spanning a Residue Residue 

status in the coarse system defined by (i) the set of hydrogen bonds 

spanning the residue of interest (orange) as well as (ii) the residue’s 

dihedral angle Ψ. Hydrogen bonds appear in three varieties depending 

on the residues whose amide and carbonyl groups are bonded: 310-

helical hydrogen bonds bind an amide group with the carbonyl three 

residues away (i:i:+3), while α-helical hydrogen bonds have i:i+4 

binding, and π-helical hydrogen bonds have i:i+5 binding. Any given 

residue may have multiple hydrogen bonds spanning it as illustrated 

here. Coarse anchor definition requires evaluating the state of each of 

these bond types and classifying the residue based on the resulting set of 

existing bonds. Hydrogen bonds are considered to exist if the N-O 

distance <0.35nm and the NH-O angle >150°. .................................44 

Figure 2.4. Coarse Anchor Illustrations. The 14 coarse anchors illustrating the local 

hydrogen-bond network spanning a given residue (orange). Spanning 

hydrogen bonds may be one of three varieties: 310-helical (residues 

i:i+3), α-helical (residues i:i+4), or π-helical (residues i:i+5). 

Combinations of different hydrogen bond types and quantities define the 

coarse anchors. Hydrogen bonds are considered to exist if the N-O 

distance <0.35nm and the NH-O angle >150°. (Sidechains are omitted 

for clarity.) ........................................................................................46 
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Figure 2.5. Fine-Anchor Hydrogen Bonds and Naming Convention Five hydrogen 

bonds surrounding a residue are enumerated according to the position of 

the carbonyl group (red atoms in the above stick representation) relative 

to the residue of interest (orange). Hydrogen bonds are considered to 

exist if the N-O distance <0.35nm and the NH-O angle >150°. In the 

absence of 310- or π-helical bonds, the permutation of existing bonds in 

this five hydrogen bond set and the dihedral angle ψ determine the 

amino acid’s fine anchor or fine AA-state. .......................................48 

Table 2.3. Fine-Anchor Definitions. Fine-anchors definitions based on hydrogen bond 

pattern of five hydrogen bonds spanning the residue; dihedral angle Ψ 

conformation; and π- or 310-helical bonds, if any. Additional positive-Ψ 

angle anchors are defined for patterns 1, 3, 4, and 9, where the '+' and 

'++' denote angles (90°>Ψ>0°) and (Ψ>90° or Ψ<-150°), respectively, as 

CFMD simulations indicated that these patterns exhibited significant 

rotational flexibility. Fine anchors are also included for a residue that is 

not in the pure α-helical state, due to the presence of either 310- or π-

helical bond states; in the CFMD simulations, these anchors were 

infrequently visited as compared to the α-helices. Hydrogen bonds are 

considered to exist if the N-O distance <0.35nm and the NH-O angle 

>150°. ................................................................................................50 



 xxviii 

Figure 2.6. Sample Amino Acid-State Trajectories. [Top] Sample AA-state 

trajectories (time increasing from bottom to top) displaying 

creation/destruction of non-α helical secondary structures for the three 

examined load levels (n=number of runs; Table 2.1): 0pN (n=10), 10pN 

(n=10), and 100pN (n=20). Amino-acid states are defined by the 

quantity and type of hydrogen bonds spanning a given residue as well as 

the residue's Ψ angle. For these illustrations, hydrogen bonds are 

considered to exist if the N-O distance <0.35nm and the NH-O angle 

>150°. [Bottom] Expanded view revealing transitory 

creation/destruction of non-α helical secondary structures (left: π helix; 

right: unfolded domain) over a timescale of 10s of picoseconds and 

spanning about five sequential residues. Many transitions between AA-

states reflect that these states are well mixed....................................54 

Figure 2.7. Amino-Acid State Probabilities as a Function of Load [Top] Average 

amino-acid state probabilities as a function of load level, based on all 

simulation time for each load level. Amino-acid states are defined by the 

quantity and type of hydrogen bonds spanning a given residue as well as 

the residue's Ψ angle. Values are the block averages and block standard 

errors where each block is an individual trajectory within each load level 

(see Table 2.1). [Bottom] Expanded view of the lowest range of amino-

acid state probabilities to illustrate in greater detail the non-α helical 

secondary structure populations. .......................................................56 



 xxix 

Figure 2.8. Ψ Angle Distribution versus Amino-Acid State for Each Load. [Left] 

One-dimensional, dihedral angle Ψ potentials of mean force for each 

amino-acid state and load. Potentials of mean force calculated via 

Boltzmann inversion, where    ln ( )AA state AA stateE p    , of dihedral 

angle Ψ probability distributions for each amino-acid state. Probability 

distributions calculated over all simulation time for each load level. 

Simulations were run at 310K; energy is in units of kBT. [Right] 

Differences in dihedral angle Ψ potentials of mean force between load 

levels. Negative energy populations (blue regions) correspond to a 

relatively higher population—and subsequently lower energy—of the 

larger force. .......................................................................................60 



 xxx 

Figure 2.9. Flux Networks as a Function of Load. Net fluxes between amino-acid 

states, illustrating channels between helical states, including non-α 

helical secondary structures. Net flux between two states 'i' and 'j', 

defined as 
ij ij jiq q q   , is calculated using all simulation time within 

each load level; arrows point in the direction of positive flux. State circle 

diameter is proportional to amino-acid state probability, while network 

edge thicknesses scale with the magnitude of net flux, normalized within 

each load level. (For visual clarity, fluxes below 5% of the maximum net 

flux for a given load level are omitted.) Possible unfolding pathways for 

the 0pN scenario include α3α2310/α1none; this pathway does not 

connect to the unfolded, Ψ>90° state, perhaps due to the lack of applied 

load. A high flux 10pN pathway is 

α3α2α1none90°>Ψ>0°Ψ>90°, where the last two fluxes are 

comparatively small relative to the earlier net fluxes. A high flux 100pN 

pathway is the same as the 10pN example, but having higher net fluxes 

for each graph edge. ..........................................................................65 
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Figure 2.10. Amino-Acid State Exit Probabilities as a Function of Load. Exit 

probabilities from each amino-acid state, calculated as the likelihood of 

transitioning from a given state to another connected state. Exit 

probabilities from state 'i' to 'j' are calculated as 
,  /exit ij ij ik

k

p n n   where 

the normalization is over all exits from state 'i' to any state 'k'. The sum 

of all exit probabilities for a given state equals one. Probabilities are 

calculated over all residues and all simulation time within each load 

level; values are the block averages and block standard errors where 

each block is an individual trajectory within each load level (see Table 

2.1). Certain, low-probability connectivities (e.g., α3/α1) are omitted for 

clarity. Exit probabilities (orange) illustrate the role of hydrogen bond 

reformation in the creation of non-α helical structures. Meanwhile, exit 

probabilities (magenta) between none and 90°>Ψ>0° illustrate the role 

of load magnitude in the rotation of the dihedral angle Ψ. ...............69 



 xxxii 

Figure 2.11. Average Milestone Lifetimes as a Function of Load. Average local 

lifetimes for select Milestones (others omitted for clarity), as a function 

of applied load and calculated over all simulation time for each load 

level. Lifetimes calculated by averaging Milestone transition times over 

all unique Milestone visits (i.e., recrossings of the same Milestone do 

not terminate the trajectory or the visit lifetime). Pink arrows indicate 

the initiating and terminating Milestones in the calculation of Mean First 

Passage Time for the coarse anchor system. Note that this figure 

illustrates timescales for the three essential processes within the 

initiation of unfolding mechanism: (i) fast (~single ps) hydrogen bond 

formation / dissociations, (ii) intermediate (~tens of ps) Milestone 

lifetimes, and (iii) slow (~hundreds of ps) dihedral angle rotations. 71 

Figure 2.12. Local Mean First Passage Time: Calculation Schematic. As Milestone 

(α3:α2) is defined to be the interface between two anchors, this average 

lifetime can include many transitions between the same two anchors (α3 

and α2). Calculation of the lifetime of a given visit to a Milestone is 

initiated when first crossing the Milestone from another Milestone and is 

terminated as soon as the system transitions to a third anchor (310/α2), 

thereby crossing another Milestone (α3: 310/α2). .............................72 

Figure 2.13. Mean First Passage Times for Unfolding a Single Residue as a Function 

of Load. Mean first passage time from the initiation Milestone (α3:α2) to 

the destination Milestone (90°>Ψ>0°:Ψ>90°) calculated for each load 

level via  
1

f P t  





   I K . Calculation of MFPTs are based on 

all simulation data for a given load level. .........................................74 
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Figure 2.14. Amino-Acid Type Dependence of AA-State Occupancy as a Function of 

Load. Simulation time (%) spent in non-α-helical amino-acid states for 

each of the 14 amino-acid types found in the helix’s central, 86-residue, 

section as a function of applied load level (for clarity, time spent in α 

states omitted). Percentages calculated for each amino acid type are 

average values over all instances of each amino acid within the analysis 

section over all data for each load, but presented as a per-amino acid 

basis. For simplicity, occupancies are calculated with state types (e.g., π) 

such that coarse anchors with different bond quantities (e.g., π12, π34) 

are summed. ......................................................................................77 

Figure 2.15. AA-State Occupancy Dependence on Helix Position as a Function of 

Load. Average amino-acid state occupancy versus residue number for 

the three load levels. Percentages are calculated with respect to all 

simulation time for a given load level at the residue position indicated. 

Pure α-helical states (α1, α2, and α3) are omitted for clarity. For 

simplicity, occupancies are calculated with state types (e.g., π) such that 

coarse anchors with different bond quantities (e.g., π12, π34) are 

summed. Sequence of the analysis section is repeated for comparison 

and highlighted to reflect amino acid type. .......................................79 
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Figure 2.16. Hydrogen-Bond Patterns with Marked Ψ>0° Flexibility. Four patterns 

had marked positive dihedral angle Ψ distributions: pattern 9 (10001), 4 

(00001), 3 (10000), and 1 (00000). They represent permutations of the 

intact C4- and C bond pair; these two hydrogen bonds are those formed 

by—and thus not spanning—the residue of interest (orange). Notably, no 

pattern with a hydrogen bond spanning the residue has a noticeable 

positive dihedral angle Ψ distribution. Further, we note that these two 

bonds are thus not included in the coarse anchors or AA-states. ......85 

Figure 2.17. Hydrogen-Bond Pattern Dihedral Angle Ψ Potentials of Mean Force as a 

Function of Load. Potentials of mean force (PMF) of the dihedral angle 

Ψ for the 32 hydrogen-bond patterns as a function of load. Hydrogen 

bonds associated with a given α-helical residue are used to determine an 

instantaneous fine anchor associated with the permutation of existing 

bonds. In addition to three spanning the residue, these hydrogen bonds 

include two bound to the residue’s amide and carbonyl groups. The 

dihedral angle Ψ distribution for each fine anchor within a load is 

calculated across all 90 interior residues of the helix and normalized 

with respect to total simulation time for that load. The PMF is calculated 

via Boltzmann inversion of the distribution for each fine anchor:  

      ln ( )HBond Pattern HBond PatternE p   . Simulations were run at 310K, 

energy is in units of kBT. ..................................................................89 



 xxxv 

Figure 2.18. Flux Networks Through Fine Anchors as a Function of Load. Graphs of 

net flux between the different fine anchors of the α-helical system, in 

which fine anchors are defined by all the possible permutations of the 

five rotationally-constraining hydrogen bonds and Ψ-angle magnitude, 

as a function of applied axial load. Only net fluxes between fine anchors 

with two or fewer existing bonds are shown, fluxes involving patterns 

with greater numbers of bonds are omitted for clarity. Patterns, with 

dihedral angle Ψ distributions demonstrating positive angles, are further 

divided into two groups to distinguish the severity of rotation. The 

patterns with a '+' or '++' designation have dihedral angle Ψ between 0° 

and 90° and greater than 90°, respectively. The size of the anchor circle 

corresponds to the total flux into a fine anchor. The width of connections 

between fine anchors corresponds to the magnitude of net flux, while the 

arrows indicate direction of that net flux. Net flux between two states i 

and j is calculated as 
ij ij jiq q q   ; arrows represent the direction of 

positive flux such that a negative value for 
ijq  is represented as an 

arrow from j to i. Net fluxes are calculated using all simulation time 

within each load level. (Net fluxes to the π- and 310-helical anchors are 

omitted for clarity.) ...........................................................................91 
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Figure 2.19. MaxFlux Pathways Through Fine Anchors. MaxFlux pathways through 

the fine anchor system from the native α-helical state with five existing 

hydrogen bonds (11111) to the initial, unfolded state with a Ψ dihedral 

angle greater than 90° (00000++). Three MaxFlux pathways with 

greatest flux are shown for each load level: the red arrows indicate the 

top MaxFlux pathway. The patterns with a '+' or '++' designation have Ψ 

angles between 0° and 90° and greater than 90°, respectively. The width 

of connections between fine anchors corresponds to the magnitude of net 

flux, while the arrows indicate direction of that net flux. Net flux 

between two states i and j is calculated as 
ij ij jiq q q   , except for 

fluxes involving the 'product' state (00000++) in which the net flux is set 

as the incoming flux consistent with a study of the initiation—and not 

propagation—of unfolding................................................................96 

Figure 2.20. Net Fluxes of Transition Edges for Top 10 MaxFlux Pathways. Net 

fluxes for the transition edges (defined as the pathway edge with 

smallest net flux) of the ten largest MaxFlux pathways. Net fluxes are 

normalized by total simulation time and thus presented on a per 

nanosecond basis. Successive, multiple pathways for each load are 

calculated by eliminating the transition edge from the previous pathway. 

All simulation time for each load is used in the calculation of net fluxes. 

Note the relatively slow decay of the flux carried by the different 

MaxFlux pathways. This result underlines the large number of channels 

contributing to the total flux. ............................................................97 



 xxxvii 

Figure 2.21. MaxFlux Energy Landscapes and Schematic Trajectory. [Left] Ψ angle 

energy landscape of each pattern in a vertical progression defining the 

top MaxFlux pathway for each load level (Fig. 2.19). Dots roughly 

define the average position of the fine anchor of each step within the 

pattern landscape; note that some fine anchors (such as 00000 and 

00000++) share a pattern (00000) and thus the energy landscape may be 

repeated. The dihedral angle Ψ distribution for each pattern along the 

pathway is calculated across all 90 interior residues of the helix and 

normalized with respect to total simulation time for that load. The PMF 

is calculated via Boltzmann inversion of the distribution for each fine 

anchor:       ln ( )HBond Pattern HBond PatternE p   . Simulations were run at 

310K, energy is in units of kBT. [Right] Alternative perspective of 

pathway energy landscapes (which are shown on the left), illustrating the 

depth of the energy wells of each pattern. ......................................100 
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Figure 2.22. Fine Anchor, Hydrogen-Bond Energy Landscapes. [Top] The 11000 fine 

anchor showing the existing C4- (blue) and C3- (red) hydrogen bonds. 

[Middle] Hydrogen-bond angle versus distance energy landscape for the 

bonds of the 11000 fine anchor (C4- and C3- hydrogen bonds). Two-

dimensional energy landscapes are generated via Boltzmann inversion of 

a two-dimensional probability density for each hydrogen bond:  

   , ln ( , )HBond HBondE d p d   . Underlying probability density is 

normalized to the total time spent in the 11000 anchor during all 0pN 

simulations, regardless of dihedral angle Ψ. Simulations were run at 

310K, energy is in units of kBT. [Bottom] One-dimensional potentials of 

mean force (PMF) along the hydrogen bond distance coordinate for the 

C3- bond at two sample angles (Left: 20°, Right: 8°) in order to 

demonstrate the effect of load on shifting the local energy minima and 

the tilting of the energy landscape. PMFs are slices of the two-

dimensional energy landscape. Probability distribution calculated over 

all instances of the 11000 anchor during the full simulation time within 

each load. ........................................................................................102 
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Figure 2.23. Mean First Passage Time from 5/4 Hydrogen Bond Milestones to 

90°>Ψ>0°:Ψ>90° Milestone as a Function of Load. Mean first passage 

time (MFPT) of unfolding from the initial Milestones formed between 

pattern 32 (having 5 hydrogen bonds) and patterns 27, 28, 29, 30, and 31 

(having 4 hydrogen bonds) to the final Milestone between anchors 1+ 

and 1++. Data presented is the average of MFPTs from the five 

Milestones between the 5- and 4-hydrogen bond fine anchors. Quantities 

used in the calculation of MFPT are based on all simulation data within 

each load level.................................................................................104 

Figure 3.1. Simulation Box Illustration and Loading Axis. [Top] Helical structure 

(2fxm.pdb chain A) within simulation box filled with explicit water. 

[Bottom] Helical structure illustrating two groups (red and blue) 

comprised of the 18 residues on either end. Constant force loads are 

applied to these two groups in a constant direction (dashed black line) 

aligned with the long helical axis....................................................121 

Figure 3.2. Schematic illustration of a milestoning trajectory through a set of anchors. 

Schematic illustration of a set of anchors (sample structures from the α3, 

α1, [none], Ψ>90, and π34 anchors) that are coarse grained descriptions 

of atomic space and a set of milestones (α3:α1, α1:α3, α1:[none], and 

[none]:Ψ>90) that are the interfaces between these anchors. Note the use 

of directional milestones as illustrated by the two distinct milestones 

separating the α3 and α1 anchors, each with a unique directionality 

relative to the two anchors. .............................................................125 
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Figure 3.3. Simulation time of first observed initiation of helical unfolding (‘MD 

MFPT’) in straightforward MD simulations and MFPT of helical 

unfolding initiation (‘Milestoning MFPT’) calculated via Milestoning 

analysis of the simulation trajectories. Observed simulation times are 

computed directly from multiple molecular dynamic trajectories at a 

given load by recording the first observation of Ψ>90°; data points are 

the averages and error bars are the standard deviations of these 

observations. Data points and error bars for the Milestoning MFPT are 

the averages and standard deviations from the Milestoning sampling 

protocol. ..........................................................................................135 
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Figure 3.4. Milestoning probability network for zero load and differences between 

select load levels. The plot (A) includes the network of probabilities of 

different edges for zero load, which is also used as the reference 

distribution. The rest of the networks are for differences in probabilities 

of edges of networks of a high and low (reference) load network. 

Positive values (red) means that the probability is increased for the 

higher load level. Only probabilities above 0.001 are presented; others 

are omitted for clarity. Line thickness for (A) is determined by the log10 

of probabilities; line thickness for B-D is determined by the absolute 

difference in probability without any logarithmic adjustment. Each edge 

is the sum of the probabilities of the two directional milestones 

connecting the two relevant anchors. Note that as the load increase from 

zero to 25 the contribution of the  helix to the network is increasing, 

while it is reduced when the load grows to 70pN. Turning on and off the 

contribution of the off the pathway  helix explains the non-monotonic 

behavior of the MFPT. The absence of connections to the Ψ>90° anchor 

reflects the fact that the analysis of the simulations only considered the 

trajectory up to the first transition to this anchor. Therefore, the 

milestones connecting to this final anchor have an undefined lifetime, 

represented here as a lifetime of zero, (see Fig. 7). The milestone 

probability is also zero despite the presence of significant fluxes through 

these milestones (see Fig. 5 and 6 below).......................................138 
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Figure 3.5. Total flux networks as a function of applied load magnitude. The fluxes 

for each milestone are calculated from the solution of ( ) 0statq I K  . 

The total flux values presented here are the sum of the two directional 

milestone fluxes for each anchor pair. Edge thicknesses represent the 

total flux normalized by the largest total flux for each load level. 

Normalized total fluxes less than 10% of the maximum for each load are 

omitted for clarity. ..........................................................................140 

Figure 3.6. Net flux networks as a function of applied load magnitude. The net fluxes 

are calculated as the difference between the directional milestone fluxes 

for a given pair of anchors. The directional milestone fluxes are 

calculated via solution of ( ) 0statq I K  . The edge thickness 

corresponds to the magnitude of the net flux, with the edges of each 

network normalized by the highest net flux for a given load level. The 

direction of the edges corresponds to the directionality of the net flux. 

Edges with normalized values less than 10% of the maximum net flux 

are omitted for clarity. In the present case the normalized net flux 

network is very similar to the absolute flux networks (Fig 4). .......142 
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Figure 3.7. The average milestone lifetimes for the 0pN (A) network as well as 

comparisons between to 0pN-25pN (B), 25pN-70pN (C), and 70pN-

100pN (D). The comparisons made in (B-D) are the arithmetic 

differences between the milestone lifetimes of the two load levels. The 

average milestone lifetime values graphed here are the vector elements 

i
  . For clarity, only milestone lifetimes above 0.5ps are presented. 

Note that the lifetimes of the milestones are presented as the edges 

between anchors, which serve as the nodes of the network. Line 

thickness corresponds to the magnitude of the milestone lifetime; where 

relevant, the color corresponds to increasing or decreasing lifetime with 

respect to load. Dashed lines are renderings of relatively thin, and 

therefore short-lived, edges. The absence of connections to the Ψ>90° 

anchor reflects the fact that the analysis of the simulations only 

considered the trajectory up to the first transition to this anchor. 

Therefore, any milestones representing connections to this final 

milestone have an undefined lifetime, represented here as a zero 

lifetime. ...........................................................................................145 
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Figure 3.8. The correlations of individual transition element values with the 

calculated MFPT. Correlations are calculated between the set of values 

for a given transition element and the set of calculated MFPTs during 

the sampling procedure used for the MFPT calculation at each load 

level. The correlations are displayed as the outer anchor connection 

between two milestones; the transition anchor that links the two 

milestones together is omitted for clarity. Only correlations that are 

statistically significant (p<0.05) are displayed. The thickness of the lines 

corresponds to the correlation coefficient. ......................................147 

Figure 3.9. Correlation between the sampled 
ijK   element value and calculated MFPT 

for the transition from the 310:90°>Ψ>0° milestone to the 

90°>Ψ>0°:Ψ>90° milestone at 0pN. ...............................................148 

Figure 3.10. Transition matrix elements with strong negative correlations with the 

calculated MFPT representing the final transition to the unfolded state. 

Values are the averages determined from the post-processing analysis of 

the simulations and represent the mean values used in the MFPT 

calculation sampling procedure for each load level; error bars represent 

the standard deviation of these transition values throughout the sampling 

procedure. Note that this plot does not explain the non-monotonic 

behavior of the MFPT. ....................................................................149 
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Figure 3.11. Sensivity (
ij ) of the MFPT calculation to changes in the transition 

matrix elements with strong negative correlations to the MFPT. The 

sensitivity is numerically calculated as the slope of the linear regression 

between MFPT and ijK  element values: ij ijif
K    . Negative 

sensitivities indicate that the MFPT decreases as the ijK  element 

increases. .........................................................................................150 

Figure 3.12. Sensivity (
ij ) of the MFPT calculation to changes in transition matrix 

elements associated with breaking α-helical hydrogen bonds. The 

sensitivity is numerically calculated as the slope of the linear regression 

between MFPT and ijK  element values: ij ijif
K    . Negative 

sensitivities indicate that the MFPT decreases as the ijK  element 

increases. Note that the filled symbols represent successive bond 

breakage while the open symbols represent hydrogen bond formation.

.........................................................................................................152 

Figure 3.13. MaxFlux pathway distributions representing the probability of a given 

edge being part of one of three MaxFlux pathways calculated for each 

sampled ijK . Color represents the probability of an edge being part of a 

MaxFlux pathway; thickness is the average weight of that edge. The 

results explored 1,000 sampled networks at each load. See text on the 

sensitivity analysis of the networks for more details. .....................154 
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Figure 3.14. Average weight (net flux) of the transition edge for the three pathways 

calculated for each iteration of the MFPT calculation at a given load 

level.  The transition edge is defined as the edge along a given pathway 

with the lowest net flux, and therefore represents the rate-limiting 

transition for that pathway. Data points are the averages over all 1st, 

2nd, or 3rd pathways calculated during each iteration of the MPFT 

calculation sampling procedure for a given load level; error bars are the 

standard deviation of the distribution of these weights. .................155 
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Introduction and Background 

1.1 PROTEIN STRUCTURE 

1.1.1 General Protein Structure 

Proteins are biological polymers in which the individual monomers are amino 

acids (Fig. 1.1A). These amino acids have distinct characteristics, including varied size 

and electrostatic charge. The primary structure of a protein is the amino acid sequence 

specified by the DNA gene encoding. This primary structure is the result of covalent 

peptide bonds between successive amino acids, forming a biological polymer. Before 

folding to minimize energy, the primary structure is a long chain-like linkage of amino 

acids capable of accessing a large range of conformations.      

   

 



 2 

 

Figure 1.1. [A] The twenty-one amino acids found in proteins, grouped into amino acids 

with charged (blue), polar but uncharged (purple), and hydrophobic (green) 

side chains as well as a small group of ‘special cases’ that have unique side 

chains not fitting one of these three categories (used with permission from
2
). 

[B] The four levels of protein structure, from the primary structure defined 

by the amino acid sequence to the secondary structure with defined local 

folds to the tertiary structure with combinations of secondary structures 

from a single protein molecule to the quarternary structure defined by 

combinations of tertiary structures from different protein molecules (used 

with permission from
3
). 

The secondary structure of a protein is the intermediary result of the protein's 

search for a lower energy state and is often the first step in the spontaneous folding of a 

protein
4–6

 (Fig. 1.1B). Hydrogen bonds and electrostatic interactions encourage the 

coupling of certain residues to further stabilize nascent folded geometries. Common 

results of this initial energy minimization are structures such as the α-helix and the β-
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sheet which can be considered basic stable sub-structures of the protein. Collections of 

these structures such as the helix-turn-helix are called motifs. 

The tertiary structure is the result of secondary structure (helices, sheets, motifs, 

etc.) folds. A collection of energetic terms govern the stability of these structures, 

primary among them are hydrophobic interactions that attempt to hide non-polar amino 

acids from the polar water surrounding the protein
5–9

. As a result, the tertiary structure of 

a protein is the full three-dimensional specification of the atomic locations, such as those 

specified in crystallographic structures. The tertiary structure includes groups of 

secondary structures called 'domains.' Domains are commonly identified as topological 

groupings of secondary structures containing residues that typically move in a 

coordinated fashion. 

 

1.1.2 Alpha Helix Structure 

Alpha helices are fundamental building blocks of protein folds. As structure 

elements frequently found in globular proteins, they continue to attract considerable 

attention in experiments
8,10–13

, theory
13–15

, and simulations
8,11,16–20

. Typical helices found 

in proteins in vivo are short (~10-20 amino acids), a necessary restriction to support 

compact three-dimensional shapes of proteins. It is, therefore, not surprising that most of 

the experiments and simulations on the properties of helices focus on relatively short 

helical peptides of about 20 amino acids or less
8,11,12,17,20,21

. However, significantly longer 

helices are also found in vivo that are making important and unique contributions in the 

field of molecular biophysics. For example, molecular motors—like kinesin
22–25

 and 

myosin
26–31

—use order of magnitude longer helices as key components to “walk” along 

cytoskeletal proteins to transmit energy and to conduct work. 
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Figure 1.2. Alpha helical structure. The α-helix secondary structure folds the linear 

protein backbone into a coil in which hydrophilic amino acid side chains are 

oriented outward into the surrounding solvent ([A] side view, [B] transverse 

view). The backbone fold is stabilized by a series of intra-helical hydrogen 

bonds (dashed lines) [C]. Images of 1fxm.pdb
32

 generated via PyMol
33

. 

 

1.1.3 Coiled-Coil Structure 

Coiled-coils are important structural motifs formed by two or more amphipathic 

α-helices that twist into a supercoil. These motifs are found in a diverse array of proteins, 

including motor proteins such as the myosin
34–36

 and kinesin
37,38

 motor proteins and 

structural proteins such as intermediate filaments (including keratins, vimentin-like 

proteins, and lamins)
39,40

, tropomyosin
41

 and myosin thick filaments
42

. In addition to their 

functional role as load carrying motifs for cytoskeletal filaments and motor proteins, 

coiled-coils are known to present binding sites for other proteins. It is in this protein-

binding context that rings of alternating charged residues interact to bind myosin light 

chain dimers into thick filaments whose proper function is critical for contractility in 

muscle and non-muscle cells alike
42

. Additionally, mutations in the coiled-coil β-myosin 
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S2 domain are known to cause familial hypertrophic cardiomyopathy, potentially by 

blocking the interaction of myosin-binding protein-C with the S2 domain
43,44

. Finally, 

interactions between polar residues on the myosin II head domain and the S2 domain are 

implicated in the regulation of myosin II motor activity
45

. 

Coiled-coils are stabilized by both inter-helix hydrophobic and pairwise 

interactions
46,47

 (Fig. 1.3). Both sets of interactions arise from inter-helix 

complementarity due to the characteristic ‘heptad repeat’ structure in which residues are 

typically labeled (a b c d e f g). Using the designations of this repeat structure, the classic 

coiled coil has hydrophobic residues in locations a and d
48,49

. These hydrophobic residues 

arrange themselves in a so-called ‘knobs in the hole’ packing such that their hydrophobic 

side chains are buried in close proximity to the corresponding heptad position from the 

other chain. In addition to the hydrophobic sources of stability, polar residues e and g are 

solvent exposed and thought to contribute to inter-helical recognition through the 

formation of pairwise (salt bridges and/or hydrogen bonds) interactions
50,51

. The 

remaining three residues of the repeat (b, c, and f) must also be polar as they are exposed 

to the solvent
52,53

. These three residues may also contribute to interactions between 

coiled-coils in the formation of multi-coil structures such as the myosin thick filament. 
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Figure 1.3. Coiled-coil structure. Helical pair supercoils are characterized by a ‘heptad’ 

repeat pattern of seven amino acids (a b c d e f g) in which repeat positions 

a and d are typically hydrophobic and packed towards the interior of the 

coil. ([A] transverse view [B] side view; adapted from 
46

). Heptad repeat 

positions g and e are oriented outward into the solvent and form ionic, 

pairwise interactions between the helices of the coil. The prototypical 

coiled-coil heptad repeat pattern is conserved across different species ([C] in 

which different rows correspond to different species with the bottom row 

indicating the heptad repeat positions and columns are amino acid positions; 

adapted from 
32

). 

 

1.2 CELLULAR CONTEXTS OF MECHANICAL FORCES 

1.2.1 The Cellular Cytoskeleton 

The cytoskeleton is the primary mechanical structure within all eukaryotic cells, 

responsible not only for carrying load but also for generating the forces necessary to 

propel cell movement and rearrangement. Comprised mainly of filamentous biopolymers 
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and protein cross-linkers, the cytoskeleton is a finely tuned truss-like network with a 

critical role in the maintenance of a healthy, productive cell.  

Degradation of the cytoskeleton in cells of a variety of tissues results in a loss of 

the crucial balance of homeostasis as altered cellular production no longer enables 

healthy tissue maintenance
34,54–56

. The process of mechanotransduction involves the 

integration of a variety of extracellular mechanical cues into a functional metabolic 

response. These mechanical cues can take a variety of forms depending on the tissue, 

including shear, tension, compression, and osmotic stresses
57–60

. Proper 

mechanotransduction relies on the cytoskeleton to properly carry loads applied to the cell. 

Hence, issues with cytoskeletal health have implications for cell metabolism in diseases 

as diverse as osteoarthritis, osteoporosis, and many different forms of cancer
55,56,60–63

.  

In addition to controlling the static load-carrying capability of the cell, the 

cytoskeleton is also responsible for generating forces which can be used for movement or 

maintenance of tension in the extracellular environment
63–67

. Many cells display a degree 

of motility that enables them to move throughout tissues
68–71

. A vivid example is the 

invasion of metastatic cancer cells into healthy, cancer-free tissues -- the metastatic 

cancer cells must power through a variety of impediments before claiming residency in a 

new tissue
72–74

. Additionally certain force producing cells act to increase or decrease 

tissue tension, such as the smooth muscle cells of the vasculature responding to increase 

or decrease blood pressure and the fibroblasts responsible for wound closure
64,68,75–77

. 
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1.2.2 Motor Proteins: Myosin 

 

Figure 1.4. [A] and [B] The myosin motor domain is a complex fold of secondary 

structures (major domains and loops connecting domains with distinct 

colors) that acts as a molecular machine to transduce chemical energy in the 

form of adenosine triphosphate (ATP) into force and displacement through a 

rearrangement of the secondary structures
35,78

 (from 
35

). [C] The globular 

motor domain is one of three domains of a myosin molecule, which also 

contains the neck region to which light-chains (ELC and RLC) bind for 

regulation and a tail domain that forms a coiled-coil with another myosin 

molecule in the case of dimeric myosins. [D] In the case of myosin II, upon 

activation through the phosphorylation of certain amino acids on the coiled-

coil myosin dimers will self-associate into bi-polar filaments (green) that 

collectively interact with actin filaments (red) ([C] and [D] adapted from 
34

). 

Myosin is a diverse superfamily of mechanochemical enzymes or “motor 

proteins” found in all eukaryotic cells, that “walk” their way along F-actin due to 

conformational changes caused by ATP hydrolysis, enabling motion and force 

generation
78–80

. While 23 myosin classes have been identified, all myosins are comprised 

of an actin/ATP-binding heavy chain (MHC) and two or more Ca++-binding essential 

and regulatory light chains (MRLC) organized into three structurally, functionally 

different domains: head or motor domain that generates force by binding to F-actin and 
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hydrolyzing ATP; neck region that regulates the head domain activity by binding with 

calmodulin or calmodulin-like RLCs; and tail domain that determines the myosin’s 

unique function based on whether the tail binds to membranes or other tails to form thick 

filaments
81

 (Fig. 1.4). 

 

 

Figure 1.5. The kinetic cycle of myosin V, a dimeric processive motor protein that 

functions to transport cargo within the cell (from
82

). The various stages of 

the kinetic cycle represent different bound nucleotide states (ATP → 

ADP+Pi → ADP). The myosin head domain (dark green), which interacts 

with the actin filament (blue), changes its conformation based on type of 

bound nucleotide. The local conformational change in the head is 

transmitted to the bound cargo (not shown) through a coiled-coil (dark blue 

at the apex of the myosin / myosin / actin triangle). 

Three illustrative myosin classes are myosins I, II and V. Myosins II and V are 

two-headed, composed of two identical myosin base “units” whose two α-helical 

segmented tails wind around each other to form a coiled-coil structure, while myosin I is 

single-headed as its tail domain lacks these α-helical segments
78,80

. Myosins I and V tails 
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remain a monomer and dimers, respectively, each globular tail domain containing a 

membrane-binding site for attachment to the plasma membrane or a macromolecular 

complex
83

, while myosin-II tails further polymerize tail-to-tail into a so-called “thick 

filament”, i.e. barbell whose longitudinal core is the intertwined, bipolar, coiled-coil tail 

domains, and ends are clusters of globular head domains extending radially outward from 

the core
84

 (Fig. 1.4D). Myosins I and V—as they bind actin to membranes—participate in 

cytoskeleton-membrane interactions, e.g. transport of membrane vesicles and organelles, 

binding and pulling the plasma membrane forward as it walks F-actin toward the (+) end 

in brush-border microvilli of intestinal cells and in filapodia
82,85

. Myosin II powers F-

actin bundle contractility and related cellular processes, e.g. muscle contraction, 

cytokinesis, cell migration, differentiation. In the case of the myosin II and and myosin V 

dimers, the local force generation in the head domain is transmitted through the 

dimerizing coiled-coil to either the other members of the bipolar filament (myosin II) or 

the cargo (myosin V). In the case of the myosin I, the force generated by the head domain 

must be transmitted through a single α-helical domain. Thus, local conformational 

changes in these biomolecular motors are transmitted via helical domains. 

Actin-cytoskeletal-based motility and force generation is due to actomyosin 

interactions. All myosins are thought to “ratchet” along F-actin using the same 

mechanism—conformational changes in their duel actin/ATP-binding head domains
30,86–

89
. In the absence of a bound ATP, the myosin head tightly binds actin in the rigor state 

(in muscles, known as rigor mortis). When ATP binds, the ATP-binding cleft closes, 

opening the actin-binding cleft, dissociating the myosin head from the F-actin. Now freed 

of actin, the myosin head hydrolyzes ATP into ADP and Pi, causing the ATP-binding 

cleft to close and myosin head to bend into a conformation positioned to rebind at a 

different, but nearby actin-binding site. As Pi, then ADP, dissociates from the ATP-



 11 

binding cleft, the myosin head undergoes a second conformational change—the power 

stroke—that exerts the force that causes myosin to move relative to actin and restores 

myosin to its rigor state, completing one reaction cycle or ratchet step. During this cycle, 

either myosin or actin may move: while a myosin I (or V) molecule, bound to a vesicle or 

organelle, will locomote and transport its “load” along the actin cytoskeleton
83,85

; in a 

bipolar myosin-II thick filament, the head clusters, though anchored to the thick filament 

backbone, have opposite polarities causing (-) ended F-actin to move axially toward the 

thick filament’s longitudinal center, e.g. muscle sacomere structure, stress fibers, 

contractile ring in cytokinesis, contractile arc in a motile cell’s retracting edge. 

 

1.2.3 Cellular Tethering and Mechanotransduction: Focal Adhesion Kinase 

Focal adhesions (FA) are the major locations of cellular attachment to underlying 

substrates. In this role, FAs are responsible for the transmission of traction forces 

generated by cellular contractility
90–96

. These integrin-dependent cell adhesions are also 

sites of assembly of structural complexes that anchor the actin cytoskeleton to the 

membrane through a series of protein-protein interactions
97–99

 (Fig. 1.6). Therefore, the 

integrins and other proteins within the FA form a linkage between two the extracellular 

matrix (ECM) and cytoskeleton, both of which are complex protein structures capable of 

applying/supporting mechanical stress. Focal Adhesion Kinase (FAK), a key component 

of these FAs, is therefore critical to the signaling pathway triggered by mechanical 

stimulation and is essential in fibroblasts for their cellular responses to matrix 

stiffness
100,101

.  
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Figure 1.6. Schematic representation of focal adhesion structure illustrating the complex 

architecture of the protein connection between the substrate (extracellular 

matrix, ECM) and contractile cytoskeleton (actin stress fibre) (from 
97

). 

Focal adhesion kinase (FAK) is among the key proteins of the focal 

adhesion and has been implicated in mechanotransduction due to its role as 

both a scaffolding protein and a signaling molecule. 

FAK has four major domains
96,102–106

: (i) an N-terminal FERM, which participates 

in signaling and links with the cytoplasmic tails of integrins
107–109

; (ii) a central kinase 

domain; (iii) an unstructured region containing ~230 amino acids; and (iv) a C-terminal 

Focal Adhesion Targeting (FAT), which dictates localization to sites of adhesion, binding 

to paxillin and talin
107,110,111

. 
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Figure 1.7. [A] and [B] Focal Adhesion Kinase’s localization to focal adhesions and four-

domain structure, including the N-terminal FERM domain which associates 

with and regulates a Kinase domain that is connected via an unstructured 

loop to the C-terminal Focal Adhesion Targeting (FAT) domain. Both the 

FERM and FAT domain bind to other proteins in the FA. ([A] from 
96

; [B] 

from 
97

 and [C] rendered via PyMol
33

). 

1.2.3.1 FAK’s FAT Domain Architecture 

The FAT domain adopts a four α-helix bundle with binding sites for integrin-

associated proteins such as paxillin in the grooves between helices
110,112–114

 (Fig. 1.8). 

The basic architecture of the two FAT interaction sites is a hydrophobic patch between 

two helices with basic residues surrounding the patch capable of interacting with 

positively charged residues of the binding motifs. The hydrophobic patches are formed 

between helices 1 and 4 (site 1/4) and helices 2 and 3 (site 2/3)
114,115

. FAK binds the 

paxillin LD2 and LD4 motifs in the two sites with similar affinity
116–118

. NMR studies 

have shown that each LD motif folds into a 20-residue amphipathic helix
119

.  
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Figure 1.8. Focal Adhesion Kinase’s FAT domain architecture illustrating the four-helical 

bundle (Helix 1-4) and bound Paxillin LD motifs (magenta and cyan). 

Phosphorylatable tyrosine 925 (Y925), a known signaling substrate, is found 

on the first turn of Helix 1. 

1.2.3.2 FAK’s FAT Domain: Unfolding and Signaling via Y925 

 

Figure 1.9. FAK’s FAT domain contains a phosphorylatable tyrosine (Y925) in the first 

turn of Helix 1 (see Fig. 1.8). Phosphorylation of Y925 by Grb2 initiates a 

signaling cascade that is associated with focal adhesion disassembly and cell 

motility. [A] Steric clashes prevent Grb2 from accessing Y925 when Helix 1 

is folded. [B] Local unfolding, potentially due to forces transmitted through 

the FAT domain eliminate these clashes and may allow Grb2 to bind [C]. 

Among the residues of Helix 1 of FAK’s FAT domain is the phosphorylatable 

tyrosine 925, a residue whose signaling function is thought to require the unfolding of 
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Helix 1.  Phosphorylation of tyrosine 925 by Src creates a binding site for Grb2—a FA-

disassembly promoting signaling molecule—via its SH2 domain
120,121

. However, the 

bound FAT-LD complex is likely to discourage Grb2 binding because the LD binding 

area site 1/4 includes TYR925, and the presence of an LD motif in that binding site 

stabilizes the FAT domain
114

. Therefore, Grb2 binding requires denaturing of α-helix 1 in 

order for phosphorylation of TYR925 to occur. NMR studies show that the FAT region 

undergo conformational transitions that may enhance either paxillin binding and/or 

Tyr925 phosphorylation
110

; FAT crystal structures have indicated the possibility of α-

helix 1 being capable of opening away from the α-helix bundle
114,122

. Phosphorylation of 

Tyr925 promotes the binding of Grb2, leading to downstream regulation of ERK, 

promoting the dissociation of FAK from FAs, leading to FA disassembly
123

.  

 

1.3 PROTEIN MECHANICS 

1.3.1 Experimental Approaches and Results of Protein Unfolding 

1.3.1.1 Atomic Force Microscopy (AFM) 
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Figure 1.10. Atomic Force Microscopy (AFM) is an experimental technique that probes 

unfolding properties of proteins. [A] AFM is based on optically tracking the 

position of a cantilever tip that has been attached to a protein absorbed to a 

substrate. Retraction of the cantilever tip induces bending of the cantilever 

as the protein resists deformation. Knowledge of the cantilever stiffness and 

the extent of this bending provides the instantaneous force on the protein. 

[B] When multi-domain proteins (‘multi-modular’) are tested with AFM 

they produce a characteristic ‘sawtooth’ pattern of force versus displacement 

where each peak corresponds to the force of unfolding. Notably, AFM does 

not provide information about the intra-protein deformation prior to 

unfolding due to limitations in resolution. ([A] and [B] adapted from 
124

). 

Single molecule force spectroscopy is the study of the unfolding (and refolding) 

properties of individual protein molecules. Atomic Force Microscopy (AFM) is the most 

common of these techniques, capable of providing information about the unfolding force, 

typically as a function of the loading rate applied (ie., the retraction rate of the cantilever 

tip)
125–131

. AFM has also been extensively used for measuring the unbinding force of 

ligands from receptors
132–135

. The first demonstration of this technique for testing 

unfolding was with the muscle protein titin, a multi-domain repeat protein
126–128

. These 

first studies illustrated that unfolding of these multi-domain proteins occurred as 

individual domains ruptured, leading to the characteristic ‘sawtooth’ pattern of unfolding 

seen in the unfolding of other multi-domain proteins. 
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1.3.1.2 AFM Results of Helical Proteins 

Atomic Force Microscopy (AFM) experiments on the unfolding of various 

myosin coiled-coil domains reveal a range of unfolding forces including 20-25pN for 

full-length rabbit skeletal myosin dimers
136

, 30-50pN for various myosin II fragments 

including the S2 and light chain
137

, and 40-80pN for the tail domains of processive and 

non-processive myosin V molecules
138

. Critically, these experiments revealed that 

unfolding occurs as a molecular extension at a constant plateau force indicative of a 

structure lacking discrete domains which are known to unfold with the characteristic 

‘sawtooth’ pattern first recognized with titin
126

. The lack of discrete domains meant that 

the unfolding process could rapidly reverse such that refolding occurred with the release 

of the applied load
136

. AFM experiments on fibrinogen coiled-coils, which are linear 

oligomers of triple-helix supercoils interrupted by relatively flexible linkers
139

, revealed a 

sawtooth pattern corresponding to unfolding of individual coiled-coil domains at 

100pN
140

.  

A recent AFM experiment by Berkemeier et al. illustrated the disparity in 

timescales of helix unfolding/refolding events and AFM sampling
7
. Two helices of the 

muscle protein myomesin were shown to be strain absorbers, whose characteristic 

reversibility was caused by a repeated unfolding and refolding. While this study used a 

custom AFM with a high sampling rate relative to other AFM studies (200kHz v. 

≤20kHz), the unfolding and refolding process was still too fast to capture. Each helix of 

the myomesin is 21 residues long, which, assuming 6 helical turns, would measure ~3nm 

folded and ~8nm fully unfolded. Clearly the full propagation of unfolding for such short 

helices would be less than the sampling time (5μs), and therefore the experiment was able 

to capture stochastic jumps between three contour lengths, corresponding to both helices 
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folded (worm-like chain, contour length 15nm), one helix folded (20nm), or no helices 

folded (25nm). 

 

 

Figure 1.11. Reversible unfolding via AFM of two α-helices from the muscle protein 

myomesin. [A] Schematic of an experimental construct designed to 

specifically load two 21-residue α-helical linkers attached to the substrate 

and cantilever via two immunoglobulin-binding domains of protein G 

(GB1). [B] Force v. extension traces of the construct unfolding with each 

peak corresponding to the unfolding of the non-helical GB1 domains. [C] 

Data from [B] recast as a function of time, illustrating the force plateau 

corresponding to rapid, repeated unfolding and refolding events of the two 

helices. (from 
7
). 

Interestingly, the time associated with the two-step transition from fully folded 

through the rapid unfolding / refolding period to a permanently unfolded structure (~1s) 

was the time required for the cantilever to traverse ~5nm at the tested loading rates 

(5nm/s). The difference in length between the pair of fully folded helices and the fully 

unfolded helices is ~10nm (Note that the contour length estimates of 15, 20, and 25nm 

are based on worm-like chain fitting parameters and not actual protein lengths). At the 

final state, each helix is no longer capable of re-folding at some distance that is less than 

this fully-unfolded length, which indicates that the repeated unfolding and refolding 

occurred until the cantilever had moved through the entire distance range accessible to 
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refolding. Thus, this experiment demonstrates that helical folding and unfolding is 

essentially strain regulated (as defined by operator) over the long timescales available. 

 

1.3.2 Computational Approaches and Results 

1.3.2.1 Computational Approaches: Molecular Dynamics 

Molecular dynamics (MD) in biology is an attempt to model protein dynamics 

through an understanding of the initial locations and the relevant forces acting on each 

atom
29,141–147

.  Energetic and kinematic changes in the system as a result of perturbations 

are determined through the solution of the equations of motion as if each atom was a 

discrete mass.  However, despite the obvious advantages of knowing atomic positions, 

simulation times for even the smallest molecules are prohibitively long to reach all the 

necessary timescales of all but the fastest biological processes
142,146,148

. 

There are a variety of MD force fields (AMBER, CHARMM, etc.) and 

calculation codes available
149–156

. These force fields account for each of the potential 

fields described above with a set of parameters specifying the relative strength of each 

possible atomic pairing.  Molecular dynamics codes and calculations account for the 

position of each atom, of which there are typically 12-15 per amino acid and upwards of 

hundreds of amino acids per molecule as well as many thousands of water molecules 

included with explicit solvation simulation.  Stability in MD calculations requires 

extremely small time steps which together with a large number of degrees of freedom, 

leading to an extremely high computational cost when simulating large proteins.  Thus, 

while MD is a highly accurate method within the assumptions of the underlying force 

field, it is extremely time consuming and computationally expensive. 

 



 20 

1.3.2.2 Computational Approaches: Steered Molecular Dynamics 

Steered MD (SMD) is a technique for simulating atomic force microscopy 

experiments on structures via MD
157–163

.  A harmonic spring potential—analogous to the 

cantilever—is applied to a point on the structure, called the ‘restraint point,’ while a 

selection of other points are held fixed. The restraint point is then moved at a constant 

velocity via the harmonic potential and the resulting force in the potential is recorded as a 

function of the molecule’s extension. Examples of application include the forced 

unfolding of ubiquitin and titin in which calculated force extension curves match up to 

the experimentally derived AFM values
158,159,161,164

.  

 

 

Figure 1.12. SMD investigation of the unfolding of α-helical domains. [A] Schematic of 

the computational set-up in which one end of a helix was fixed while a force 

was applied to the other end via a spring analogous to the AFM cantilever. 

[B] Unfolding forces determined from simulations as a function of the 

pulling speed of the reference point of the spring attached to the loaded end 

of the helix. SDM and FDM refer to the so-called ‘slow deformation mode’ 

and ‘fast deformation mode’, respectively. (adapted from 
18

) 

SMD simulations on α-helical domains found measured strengths of 250-1500pN, 

depending on loading rate
18,19,165

. Given computational limitations, the tested loading 

rates in these simulations (0.05-100m/s) were, in some cases, 9 orders of magnitude 

larger than experimentally tested rates (Fig. 1.12). These simulations found a plateau in 
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the unfolding traces at the unfolding force—similar to that seen in the AFM experiments 

in which unfolding propagates as successive helical turns are broken. However, unlike 

the experiments, there is no mention of a tendency for helical refolding during this 

plateau.  

SMD investigation of the vimentin intermediate filament coiled-coil loaded 

behavior showed unfolding of the helical turns within the coiled-coil at ~200pN (1m/s 

pulling speed) or ~300pN (10m/s)
40,166

. These forces are similar to the measured forces of 

the single helix in the slow deformation mode (SDM; Fig. 1.12B) regime (~250pN). 

Thus, as with the experiments, the helix’s simulated unfolding forces match those of the 

coiled-coil, despite the additional constraints and interactions afforded by the neighboring 

coil. The coiled-coil simulations show a similar force plateau as that seen in AFM 

experiments in which unfolding propagates through multiple turns of the structure at the 

same force level. 

 

1.3.3 Loading Rate Dependence of Protein Unfolding 

The wide range in measured strengths as a function of loading rate for the single 

helix
18

 has been explained through the application of the well-known phenomenological 

Bell model, in which applied loads tilt the energy landscape of the tested protein, thereby 

increasing the kinetics of failure
167

. The model interpretation included two deformation 

modes: an SDM (Slow Deformation Mode) in which multiple bonds break cooperatively 

and a FDM (Fast Deformation Mode) in which multiple bonds break sequentially. Thus, 

in application to these bifurcated results, the Bell model appears to predict two barriers 

with different energies and distances along the reaction coordinate between the energy 

minimum and the energy barrier.  
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The dependence of unfolding forces on loading rate is a well-recognized 

phenomena replicated by numerous experimental groups
126,127,132,158,159,168,169

. Multiple 

models have been created to explain similar disparities in unfolding forces
170–173

. In 

addition to fitting experimental data to Bell’s model, which predicts 'sequential' barriers 

(as used to model the simulated helix unfolding above), unfolding kinetics of single-

domain proteins have also been explained through a two-path kinetic scheme, in which 

the unfolded state can be reached by one of two unfolding pathways
173–175

. This scheme 

was recently shown to accurately model the unfolding kinetics of the protein filamin, 

both in an AFM experiment and via coarse-grained SMD computations
175

. The advantage 

of these simulations is their ability to identify structures associated with the two kinetic 

pathways. In the case of filamin, these different pathways are associated with breaking 

different subsets of intra-β sheet hydrogen bonds, and thus the explanation for the kinetic 

model is coupled to the tertiary structure and the intrinsic multi-dimensionality of the 

energy landscape of the native fold. 
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1.4 THESIS OBJECTIVES 

As noted above, α-helical structures play important roles in biological processes 

both as components of force generating biomachines as well as elements of force-

transducing molecular switches. The importance and simplicity of these structures make 

them a natural starting point for the development of constitutive relationships of proteins. 

While much work has been done to elucidate unfolding properties of proteins, 

computational and experimental challenges have limited the study of the phenomena 

prior to the large-scale, whole-molecule unfolding events probed by both AFM and SMD. 

Future work in defining and utilizing protein constitutive properties for both diagnostic 

and therapeutic effect will require an understanding of protein mechanics that is capable 

of describing not only the total failure of the protein but also predicting properties of the 

onset of the initiation of unfolding. This so-called ‘cracking’ of the protein is analogous 

to the onset of failure of mesoscale structures such as metals where an initial defect 

propagates through the processes of material fatigues, eventually causing large-scale 

failure. It is the larger goal of this work to develop methods and provide inspiration for 

describing this onset of failure in helical protein structures, particularly those of the 

ubiquitous molecular motor myosin. 

Towards this end, the primary objectives of this work include: 

 Assessing the ability of secondary structure geometric descriptions to capture the 

initiation of unfolding in tertiary structures (see Chapters 2, 3, and 4); 

 Develop a set of appropriate coarse-grain degrees of freedom for describing the 

onset of cracking (see Chapter 2); 

 Develop a framework for assessing the kinetics of crack initiation under 

mechanical loads that is capable of discriminating between different load 

magnitudes (see Chapter 3); 
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 Determine the role of load magnitude, if any, in altering the mechanisms of crack 

initiation (see Chapter 3); 

 Assess the differences, if any, in the mechanisms of crack initiation between 

isolated secondary structures and tertiary structures (see Chapter 4); and 

 Determine the relevant timescales for the initiation of unfolding for comparison to 

the loading rates of existing methods (see Chapters 2, 3, and 4). 
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Early Events in Helix Unfolding Under External Forces: A Milestoning 

Analysis 

2.1 INTRODUCTION 

We focus on Molecular Dynamics (MD) simulations of a relatively long, 

heterogeneous helix embedded in aqueous solution. While these atomically detailed 

simulations of biological macromolecules hold the promise of first-principle 

understanding of complex mechanisms, while enabling direct comparison to experimental 

data, they are unfortunately severely restricted with respect to both temporal and spatial 

scales. Enhanced sampling approaches are required to investigate the time courses and 

mechanisms of local crack formations in the helix. Toward these ends, we chose the 

method of Milestoning (for the present task a similar alternative is the Markov State 

Model) to analyze the MD trajectories and make it possible to construct coarse-grained 

models over extended temporal and spatial scales.  

This chapter is organized as follows. In the Methods section, we discuss the 

Milestoning method. While the Milestoning algorithm and theory have been discussed 

extensively elsewhere, its application here, employing relatively long trajectories and 

corresponding analysis, is different and requires additional considerations. Further, we 

elaborate on the impact of choosing different sets of coarse variables, as well as models 

with variable spatial resolutions. We then discuss various findings in the Results section, 

followed by the Discussion and Conclusions sections.  
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2.2 METHODS 

2.2.1 Methods: The Milestoning Algorithm 

We consider a local, conformational transition in which an amino acid, initially in 

a folded, α-helical conformation, transitions to an unfolded, β-strand-like conformation. 

We conduct atomic-level simulations in which the Cartesian coordinates of all atoms in 

the peptide and the water molecules are explicitly represented and followed as a function 

of time. That said an atomic-level description of the peptide’s state at each “snapshot” in 

time at this level of spatial resolution is clearly overkill. At any given point in time, the 

secondary-structure state of each amino acid is uniquely determined by the following 

degrees of freedom: (i) the hydrogen bonds that are along the peptide’s backbone and 

surrounding the amino acid and (ii) the peptide’s backbone dihedral angles, primarily ψ. 

From an equilibrium perspective, it is suggestive to define a free-energy 

landscape as a function of these degrees of freedom to obtain needed information on the 

probability of forming or un-forming a helix as a function of system variables, such as the 

strength of the pulling force. However, for the study of kinetics, the free-energy 

landscape is neither sufficient nor likely to be the most efficient way to proceed. We are 

missing complex functions and parameters, such as hydrodynamic interactions, non-

diagonal diffusion and friction memory tensors to correctly capture the kinetics of these 

highly non-linear coordinates. It is therefore useful to construct an alternative coarse-

graining approach to atomically detailed simulations that will capture, in a single 

simulation, a complete kinetic and thermodynamic model. Here, we propose to use the 

theory and algorithm of Milestoning to obtain such a coarse-grained model for the initial 

events in unfolding of a long helix.   

The system’s atomic-level coordinates are coarse grained into (i) the status of 

these hydrogen bonds and (ii) the value of the dihedral angle ψ. Further, two different 
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levels of coarse graining (‘coarse’ and ‘fine’) are used to explore the variation of the 

results with the degree of coarsening and to discuss mechanisms viewed at the different 

spatial scales. We denote the current state of the hydrogen bonds and dihedral angle ψ by 

a state vector Y. A hydrogen bond is assumed ‘on,’ denoted by a 1, if (i) the distance 

between the nitrogen atom of the amide group to the oxygen atom of the carbonyl group 

is less than 3.5Å and (ii) the NH-O angle is greater than 150°. (We also experimented, as 

discussed in the Results, with a hydrogen bond cutoff distance of 4.0Å and an NH-O 

angle of 120°, only to find a small variation in the results.) The space of the dihedral 

angle ψ is divided into 3 bins: -150° to 0°; 0° to 90°; and 90° to 180° or -180° to -150°. 

The state vectors corresponding to the folded, α-helical and the unfolded, β-strand 

conformations are Yα and Yβ, respectively. A trajectory in coarse space at any given time 

t is denoted by Y(t).  

The first step of Milestoning is the identification of ‘anchors.’ Anchors are amino-

acid conformations represented by the coarse-graining variables discussed above 

(hydrogen bond status and dihedral angle value); they are collectively referred to as the 

'Amino-Acid state' or more briefly ‘AA-state’. We note that the coarse variables used 

here have discretized: (i) the hydrogen bonds either exist (‘1’) or do not exist (‘0’), 

according to geometrically-defined criteria; and (ii) the dihedral angle ψ is similarly 

placed into one of three bins (defined above). That said, the anchors used here completely 

span the space, incorporating all possible values of the coarse variables within the desired 

scope of coarsening; thus, the mapping from the Cartesian coordinates to the coarse 

variables is unambiguous. As the number of discrete states is not prohibitively large, and 

as the transitions between the states are only marginally activated, we are able to obtain 

meaningful statistics for all possible AA-states using straightforward MD trajectories.  
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Analysis of full-length MD trajectories is in contrast to the more common 

implementation of Milestoning in which anchors are defined through a separate 

calculation, e.g., reaction path calculations or Replica exchange simulations. From this 

perspective the sampling of configurations is more similar to past Markov State Models  

than to prior Milestoning calculations. In the spirit of a recent study that brought 

Milestoning to the Markov State Model, we bring ideas from Markov State Model (use of 

long trajectory sampling) into Milestoning. In typical Milestoning calculations, the 

processes under consideration are activated and/or have very long diffusion times that 

direct MD simulations are unable to properly sample. As a result, a process for anchor 

identification must precede the MD simulations, which are then performed only between 

the domains assigned to anchors. While anchor-to-anchor simulation has the advantage 

that the trajectories can be much shorter and more efficient, it has the disadvantage that 

the calculations of kinetics assume de-correlation of short trajectories and depend on 

anchor identification. In the present investigation, the MD simulations are run in a 

straightforward fashion with no a priori identification/selection of anchors. This is clearly 

an advantage as different type of anchors can be tested a posteriori using the same set of 

MD trajectories. The limitation, of course, is our ability to adequately sample the space of 

coarse-grained variables in the straightforward MD simulations between the initial and 

final states.  

Once the anchors are defined, the next step is the identification of ‘Milestones,’ 

defined as the interface between two anchors. As our anchors (or AA-states) are defined 

by discrete coarse variables—here, the presence/absence of hydrogen bonds spanning a 

residue and the bin of the dihedral angle ψ—the Milestones represent a changes in (i) the 

number of existing hydrogen bonds spanning a residue, (ii) the type of hydrogen bonds 

spanning a residue, and/or (iii) the bin of the dihedral angle ψ.  
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In Milestoning, we focus on the detailed statistics of transitions between the 

interfaces that are analyzed using statistical mechanics tools to obtain complete 

descriptions of the process’s kinetics and thermodynamics at the level of coarse variables. 

Consider a long duration, reactive trajectory Y(t). This trajectory is followed as a 

function of time and further identified by the last Milestone that is passed, e.g., Yi:j(t), 

where i:j is the last transition interface traversed between two anchors, i and j. Figure 2.1 

illustrates a representative trajectory and its Milestones; the different colors correspond to 

different Milestone transitions. 

 

 

Figure 2.1. Anchors, Milestones and Trajectory Schematic. Schematic representation of 

an exact trajectory (multi-color curve) on a two-dimensional energy surface. 

Light blue small circles and straight lines denote anchors and Milestones, 

respectively. Milestones divide the complete trajectory into fragments, 

which represent transitions between Milestones. Each distinct color 

indicates a different trajectory fragment—and a transition. Transitions 

between Milestones are enumerated in order to estimate the flux used in the 

coarse-grained equation describing the kinetics. 

i
j
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The current Milestoning implementation differs from previous uses in that we 

break few (10-20), relatively long trajectories into smaller fragments between Milestones. 

Moreover, the current implementation benefits from simulations of a naturally occurring 

sequence/structure in which many different amino acids (86 residues; 14 distinct AA 

types) are tracked simultaneously. As we seek a general mechanism for early events of 

helix unfolding, we do not a priori differentiate between events that occur at different 

positions along the helix. This approach helps us define an “average” helical residue, 

gaining significantly more statistics. That said, even with this relatively long helix, 

amino-acid type and position potentially influence the process’s kinetic and 

thermodynamic properties. We therefore examine this possibility in the Results section 

and conclude that, at least for some important observables, e.g. the mean first passage 

time for local unfolding, the concept of an “average” amino acid can be useful, yielding 

accurate results. 

The original formulation of Milestoning relied, in part, on the assumption of 

fragment independence, premised on a ‘First Hitting Distribution’ (FHD) for the 

initiation of trajectory fragments. Therefore, trajectories are terminated only when a new 

Milestone was passed and specifically not when recrossing the initiating Milestone. In the 

same spirit, here the trajectory fragments ‘cut’ from the full, long trajectories are defined 

by the crossing of a new Milestone.  To illustrate, consider the trajectory fragments in 

Fig. 2.1: the orange fragment starts at the end of the blue fragment and re-crosses its 

initiating Milestone several times before terminating at the next (non-initiating) 

Milestone it traverses. The entire orange trajectory portion, including recrossings, is 

therefore one fragment. For each fragment, three pieces of information are retained: the 

fragment’s initiating and terminating Milestones, and its duration (also known as its 

lifetime). 
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2.2.2 METHODS: MILESTONING THEORY 

With Milestones defined, we now consider the transition probability density K
ij
 

between phase space points X
i
 and X

j
 at the interfaces at time t,K

ij
(X

i
,X

j
;t) , also 

referred to as the ‘Kernel.’ Note we use the vector X
i
 to denote a full phase space vector 

constrained to the interface i  defined by the set of coarse variables Y
i
. The Kernel is the 

probability that a trajectory starting at phase space point X
i
 at interface i  will make it to 

a phase space point X
j
 at Milestone j  after time t  (Fig. 2.1). Let the number of 

trajectories that pass X
i
 at time t  and reach X

j
 at time 't  be  , , 'ij i jn X X t t , 

n
i
X
i
,t( )  be the number of trajectories that pass Milestone i  at time t , then 

     , ; '  , ; '  / ,ij i j ij i j i iK X X t t n X X t t n X t   . We restrict our attention to processes 

that are stationary at least locally—but not necessarily in equilibrium—in which we can 

write    , ' ' ( )g t t g t t g    . 

We further define the following entities:  ,ip X t , the probability that, at time t , 

the last Milestone crossed was i  at an interface point iX ; and  ,i iq X t , the probability 

density, also known as the ‘flux,’ that, exactly at time t , a given trajectory hits a 

Milestone coordinate iX . 

This Kernel is general and can be estimated for different types of dynamics, e.g., 

Newtonian or Langevin dynamics. The reaction flux,  ,i iq X t , defined as the number 

density of trajectories that pass through Milestone i  at exactly iX  at time t , is: 

          , ' , ' , ; 'i i i i j ij

j

j j

i

i jq X t P X t dX dt q X t K X X t t 



     (2.1) 

Equation (1.1) states that Milestone i  is crossed at time t by one of two 

mechanisms: either it is exactly at i  at time t=0+  (first term) or, exactly at time t , it 

transitions to Milestone i  from another Milestone j  (second term). Only transitions 
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between Milestones that can be reached without traversing other Milestones first are 

considered; thus, i  is a subset of Milestones that can reach directly Milestone i  and is 

known as the reachable Milestones from Milestones i .    

While Equation (2.1) is exact, it can also be used as a starting point for spatial and 

temporal coarse graining. The essential coarse-graining assumption of the Milestoning 

theory is partial independence of initial conditions; this is, the interfaces are presumed to 

be sufficiently separated such that a trajectory initiated at say iX  does not “remember” 

the precise location of the initiating phase space point within Milestone i  when it 

terminates at jX .  Mathematically, this can be written: 

    , ; ;ij i j ij jK X X t K X t       (2.2) 

 

This Milestoning approximation has been extensively investigated in the past, 

both theoretically and computationally. These rigorous results, as well as empirical and 

practical guidelines, make it possible to efficiently and accurately coarse grain the 

system, as well as provide consistent results with microscopic data at higher degrees of 

computational efficiency. The procedure is similar in spirit to other coarse-graining 

approaches in which one assumes the existence of local equilibrium, and time 

independence of fast variables that quickly relax to local equilibrium. Examples are the 

equilibrium calculations of the potential of mean force or the creation of a Master 

Equation in the Markov State Model. Here, however, the approximation is different, as 

we only require de-correlation of the flux and not population. Flux, i.e., the velocity times 

probability, is likely to de-correlate faster than spatial distribution, as velocities in 

condensed phase rapidly de-correlate, having a time constant of about 1ps. 
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Once one accepts the essential Milestoning assumption [Equation (2.2)], it is 

useful to integrate over the entire phase space 
iX  and (if applicable) jX  to define the 

following functions: 

    ,i i i iq t q X t dX         (2.3) 

    , ;ij ij i j i jK t K X X t dX dX       (2.4) 

    ,i i i iP t P X t dX         (2.5) 

 

Substituting Equation (2.2) into Equation (2.1) and integrating over phase space 

iX , we obtain: 

         
0

, , ' ; ' 'i i i i i i j j j

t

j i

i i i jq X t dX P X dX t q X t K X t t dX dX dt 



       (2.6) 

 

Equation (2.6), together with Equation (2.4), provides the Milestoning formula: 

          
0

0 ' ' 'i i j j

t

j

i

i

q t P t q t K t t dt 



      (2.7) 

 

Importantly, the explicit dependence on coordinates is removed in Equation (2.7); 

only the indices of the Milestones remain. Further, the Kernel is now estimated by 

( ) /ij in t n  where in  is the number of trajectory fragments crossing interface i , and ( )ijn t  

is the number of trajectory fragments that reach Milestone j  after time t . Thus, the 

system is reduced to a mesh in coarse-grained space: initiating Milestone, terminating 

Milestone, and time.  

As Equation (2.7) for the reactive flux iq  is linear, it can be solved analytically 

using Laplace transforms and corresponding Initial-Value and Final-Value 

Theorems
176,177

. Via Laplace Transform framework, the stationary reactive flux vector, 
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statq , stationary probability distribution, ,i statp , and overall Mean First Passage Time 

(MFPT or 
if

 ) from Milestone i  to the final (assumed absorbing) Milestone f , are 

given, respectively, by: 

   0stat  q I K        (2.8) 

  ,i stat stat ii
p  q        (2.9) 

  
1

if ij j
j

i
P 


  I K       (2.10) 

 

where q  is a column vector of fluxes with elements iq , I  is the identity matrix, and the 

components of the stationary transition probability K  matrix are defined by 

   
0

ijij
K t dt



 K . Finally, the lifetime of Milestone j , 
j

 , is defined by 

 
0

jij
i

t K t dt
 

  
 

  . We note the important difference between 
j

  and 
if

 : the 

former is the average lifetime of individual Milestones and the latter is the Mean First 

Passage Time between the initiating Milestones and absorbing Milestones i  and f , 

respectively. 

We emphasize the simplicity of Equations (2.8-2.10). In order to obtain the 

stationary distribution and overall Mean First Passage Time, we only need to solve a 

linear problem. For example, the reactive flux vector, statq , is the zero-eigenvalue 

eigenvector of the matrix [ ]I K . The dimensionality of [ ]I K is equal to the number of 

Milestones, which, in the present case, are 182 and 1722 for the coarse- and fine-anchor 

meshes, respectively. Thus, in estimating the Kernels, the linear algebra calculations are 

trivial as compared to the high costs of MD simulations. To illustrate, it can require 

months of core time to estimate the Kernels, but take only a few minutes to solve the 

linear problem on a reasonable computer
17

. 
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So what, if anything, is gained by using this non-straightforward calculation of 

kinetics and thermodynamics? Milestoning offers a mathematically well-defined 

procedure of mapping thermodynamics and kinetics onto an internally consistent grid of 

coarse-grain degrees of freedom. The reduced system, assuming that the mapping is 

correctly done, is much simpler to analyze and is easier to understand and to extend the 

investigations to long time behavior. Also, by defining an “average” amino acid and its 

thermodynamic and kinetic properties, it is possible to extend the investigation in the 

present system to other long helices of varying lengths.  

 

2.2.3 METHODS: COMPUTATIONAL PROTOCOL 

In order to reveal the “natural” coarse variables necessary for effective description 

of helix unfolding, explicit-water molecular dynamics simulations are performed for 

three axial load conditions: 0 pico-Newton (pN), 10pN, and 100pN. The model structure 

is chain A of the human cardiac β-myosin S2 structure (2fxm.pdb)
32

, residues 1-126; 

throughout this paper, it is referred to as 2fxmA. Its sequence is:  

GSSPLLKSAEREKEMASMKEEFTRLKEALEKSEARRKELEEKMVSLLQEK

NDLQLQVQAEQDNLADAEERCDQLIKNKIQLEAKVKEMNERLEDEEEMNAELT

AKKRKLEDECSELKRDIDDLELTLAK.  

Simulations are performed with the GROMACS 4.0.5
155

 distribution using the 

GROMOS96 '53a6' united-atom force field
178

 with a 2fs time step. The original structure 

was placed in an explicit (SPC model) water-filled box sufficiently large to ensure 1.2nm 

of solvation surrounding the helix in the x, y, and z directions, resulting in a 

7.4x8.2x25.6nm rectangular box. For system charge neutrality, 102 Na+ and 91 Cl- 

counter-ions were added providing a concentration of 0.1 mole/liter, resulting in a full 
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system containing 1290 protein atoms and 49,605 water molecules, in addition to these 

counter-ions. Periodic boundary conditions were used throughout all phases of the MD 

simulations as was the parallel processing version of the LINCS constraint on fast bond 

dynamics
179

.  

Following energy minimization, the initial structure was heated to 310K in three 

20ps steps; temperature stabilization was monitored before each temperature increase. 

Pressurization to 1 atm was performed over 750ps on the heated system using a 

Berendsen thermostat
180

 to maintain temperature. Final production runs used a Nose-

Hoover thermostat
181,182

 with a relaxation constant of 0.1ps to maintain 310K and a 

Parrinello-Rahman barostat
183

 with a coupling constant of 1.0ps. The Coulomb and van 

der Waals cutoff radii were set to 1.4nm; PME electrostatics handled long-range 

electrostatics
184

. An initial 1ns equilibrium simulation provided the seeds for subsequent 

production runs.  All simulations were run on the Texas Advanced Computing Center’s 

(TACC) Sun Constellation Linux Cluster, Ranger (www.tacc.utexas.edu). 

 
 
 

http://www.tacc.utexas.edu/
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Figure 2.2. CFMD Simulation Box and Load Application [Top] The 7.4x8.2x25.6nm 

rectangular, simulation box, filled with explicit water, used in the constant-

force molecular dynamics (CFMD) computations. The simulated helix 

contained 126 protein residues from chain A of the human cardiac β-myosin 

S2 domain (2fxm.pdb
32

; chain A referred to as 2fxmA): 49,605 explicit SPC 

water molecules and 193 counter-ions (102 Na+ and 91 Cl-). [Bottom] 

Illustration of loading groups on the 2fxmA chain. Loading groups were the 

18 C- and N-terminal residues; 86 of the 90 residues between these C- and 

N-terminal loading groups were used for analysis. Two unloaded residues 

on either side of the 86-residue interior were not used in the analysis to 

minimize end effects from the applied loads. GROMACS’s CFMD loading 

method partitions the total, user-specified, load ( totF
) in a user-prescribed 

direction over all atoms of the loaded groups on a mass-weighted basis such 

that the forces on atom i  are given by i
i tot

m
F F

M
   
 

 where im  is the mass 

of the atom, M is the sum of the masses. The CFMD approach maintains 

these two quantities (magnitude and direction) constant during the entire 

simulation. All protein structures were generated with PyMol (The PyMOL 

Molecular Graphics System, Version 1.3, Schrödinger, LLC). 

Constant force loads were applied to the helix's C- and N-terminal ends, with the 

pull groups being the 18 residues on either end. The load-application direction, fixed 

throughout the simulations, was set in the [0 0 1] direction corresponding to the helix’s 

FF
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nominal axis as defined by the vector between the center of mass of the load end groups. 

Loads, applied via the ‘pull’ command within GROMACS, were evenly distributed over 

all atoms of the pull groups, explaining the selection of a relatively large number of ‘pull 

group’ residues, namely 18, to minimize end effects. The helix's interior 86 residues were 

used in the analysis, purposely excluding the pull group residues, as well as two residues 

on either end of the central, interior 86 residues. The loaded residues were not analyzed 

in order to minimize any possible complications due to direct load application. 

Furthermore, it was necessary to exclude two residues on either end of the 86-residue 

analysis section in a concerted effort to minimize the effects of applied load on the 

hydrogen bonds spanning the first and last analyzed residues.  

Total simulation time on TACC’s Ranger for each load level was 60ns, albeit it 

was split between shorter individual simulation runs (see Table 2.1). For both the 0pN 

and 10pN load levels, the simulation time was divided across 10 different 6ns runs; the 

100pN load levels included 20 different runs of either 2ns or 4ns duration. As the 100pN 

simulations demonstrated a strong proclivity for unfolding a large portion of the helix’s 

interior, runs were terminated after 2ns or 3ns if more than 20% of the interior residues 

had unfolded; otherwise, they were run to 4ns. We note that the relatively large number 

of residues analyzed within the helix’s interior (86) over the full simulation duration 

(60ns) provides roughly the same number of 'residue-nanoseconds' (~5,000) of data as 

one microsecond of simulation for a pentapeptide. 
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Table 2.1. Constant-Force Molecular Dynamics Simulation Summary Simulation 

quantity and durations for the unloaded (0pN) and constant-force molecular 

dynamics (CFMD) (10pN and 100pN) loading scenarios. The 0pN and 

10pN simulations consistent of 10 independent runs of 6ns each, while the 

100pN simulations consisted of 20 runs of either 2ns (n=3), 3ns (n=10), or 

4ns (n=6) providing at net 60ns of raw data for analysis. The 100pN 

simulations were shorter than either the 0pN or 10pN due their proclivity to 

unfold more rapidly and a desire to avoid accumulating unfolded data. For 

calculation of AA-state probabilities (Fig. 2.7) and AA-state exit 

probabilities (Fig. 2.10), each run was treated as an individual 'block' of 

data, allowing the calculation of block averages and block standard errors 

across the runs within each load. 

2.2.4 METHODS: COARSE-GRAINED MODEL SYSTEM DEFINITIONS 

As discussed in the Theory section above, the first step in Milestoning 

calculations involves the selection of appropriate anchors and coarse variables describing 

the space of system conformations. We investigate early, local events in helix unfolding 

in which the helix at large is intact and a few residues participate in an unfolding ‘seed.’ 

For each residue, the coarse variables are status of the hydrogen bonds spanning the 

residue and the bin of the residue’s dihedral angle ψ; the dihedral angle Φ is specifically 

not considered in this analysis, as Φ is relatively invariant for the helix and β-strand 

conformations. Data used in the Milestoning analysis, in which transitions between states 

were counted and analyzed, are from all 86-interior residues within the helix's non-loaded 

interior. In contrast to the previous Milestoning investigations in which a large number of 

short trajectories are used, we employ relatively long trajectories. The theory, however, 

Load 

Level 

(pN)

Number 

of Runs 

(n)

Individual 

Run Times 

(ns)

Cumulative 

Run Time 

(ns)

0 10 6 60

10 10 6 60

100 20 2, 3, or 4 60
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remains the same and the kernel allows for the calculation of kinetics over the appropriate 

time scale. 

Note that the term ‘AA-state’ refers to the state or condition of the amino acid—

specifically its ψ dihedral angle as well as the status of hydrogen bonds spanning the 

amino-acid backbone. As a result, ‘AA-state’ is used synonymously with the term 

‘anchor’. In the present study, we use two sets of state definitions to coarse grain our 

system: (i) a set of coarse AA-states describing the secondary structure of a particular 

residue and (ii) a set of fine AA-states describing the specific state or permutation of 

hydrogen bonds within the purely α-helical states (As illustrated in Table 3, for the fine 

anchors only, residues exhibiting non-α-helical characteristics, like π- or 310-helical 

bonds, were “lumped” into the π- or 310 fine anchor classifications, respectively). These 

two anchor sets are used separately in two levels of analysis. Importantly, these anchor 

definitions are assigned a priori to reflect expected/possible conformations of the system, 

while the time series are generated directly with CFMD without a reference to the coarse 

variables. In both cases, the anchors are defined based on the existence of local hydrogen 

bonds where a hydrogen bond is formed according to the criteria employed by the 

GROMACS 4.5.4 ‘g_hbond’ utility: (i) a donor-acceptor (N-O) distance less than 0.35nm 

and (ii) an NH-O angle greater than 150°.  

The coarse set of AA-states is analyzed first to determine the readily accessible 

system conformations, including non-α helical secondary structures. From this coarse 

analysis, the focus shifts to the finer resolution in which the kinetics of the coarse α-

helical states is studied in greater detail. Additionally, the fine AA-states incorporate a 

wider set of possible hydrogen bonds such that the three α-helical bonds spanning the 

residue of interest are combined with the two additional α-helical bonds that are formed 
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by the amino and carbonyl groups of the residue itself, bringing the total number of α-

helical hydrogen bonds considered in the fine AA-states to five.  

In order to explain the difference in scope between the two AA-state sets, the 

coarse AA-states are predicated on determining the quantity of hydrogen bonds of 

different types, while the fine AA-states count the permutation of existing hydrogen 

bonds. Due to the wider scope of the coarse AA-states, it is not possible to easily 

enumerate all bond permutations of all possible secondary structure states as is done with 

the fine AA-states, thus the desire to focus on a less-specific AA-state definition. Thus, 

the relative advantages/disadvantages of the two definitions are, whereas the coarse AA-

states compute general information about transient secondary structures, the fine AA-

states elucidate the necessity of specific bonds and sensitivity to specific bond 

combinations. It is affirming (see Results §2.2.5 and Table 2.8) that Mean First Passage 

Times (MFPT) of helix breakage are found to be insensitive to the different types of 

coarse graining mentioned above. 

In contrast to the conventional biochemical designations of secondary structure 

limited to properties (hydrogen bonds or Φ, ψ values) confined to each individual amino 

acid, here we consider all hydrogen bonds that span across the amino acid. The 

description we adopt is necessary to describe transitions that occur far from the helical 

ends since they are strongly coupled to the internal rotations of the particular amino acid 

at the center. We further comment that the use of torsion values alone is insufficient to 

capture flips between different type of hydrogen bonds since structural fluctuations 

during the simulations makes it difficult to obtain one-to-one correspondence between 

hydrogen bonds and dihedral angles. The added insight enabled by this secondary 

structure classification is key to (i) establishing the degree of helical structure 'disruption,' 

as represented by the quantity of hydrogen bonds, and (ii) avoiding ambiguity in 
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secondary structure assignment due, for example, to overlapping ψ-angle distributions for 

the different helical conformations.  

 

2.2.4.1 Methods: Coarse-Anchor System 

Coarse anchors, defining the secondary structure of a particular residue, are based 

on the status of hydrogen bonds spanning the residue, as well as the residue's dihedral 

angle Ψ. In contrast to selections made solely based on the residue's dihedral angle Ψ, 

this secondary structure description is chosen to reflect the local backbone conformations 

and hydrogen bond topology surrounding the residue. In particular, a residue’s coarse 

anchor is calculated by evaluating the existence of three types of hydrogen bonds 

spanning the residue: 310-, α-, and π-helical bonds in which a carbonyl group from 

residue ‘i’ binds to the amide group of residue ‘i+3’, ‘i+4’, or ‘i+5’, respectively. A 

preliminary check on the existence of gamma turns—in which a carbonyl group from 

residue 'i' binds to the amide group of residue 'i+2'—revealed that γ-turn hydrogen bonds 

occurred with a probability of less than 0.5% for the 0pN and 10pN scenarios (0pN: 

0.37% and 10pN: 0.38%) and less than 2% for the 100pN scenario (1.5%). Given these 

hydrogen bond donor/acceptor pairs, it is possible for a number of hydrogen bonds to 

span any given residue (where 'spanning the residue' means that the carbonyl-group 

donor precedes and the amide-group acceptor succeeds the residue of interest). 

Specifically, there are possibly 2, 3, or 4 bonds spanning a residue for the pure 310-, α-, or 

π-helical bonds, respectively. At each image and for each residue, the existence of a 

hydrogen bond of each type is calculated for all possible bonds (9 in total) across the 

residue. The particular combination of bonds formed defines the secondary structure of 

that residue, thereby incorporating secondary structure information into a residue 
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description. These bond combinations also include transition structures in which 

hydrogen bonds of two different types span a residue at the same time, e.g., a π/α1 state 

in which one α-helical bond and at least one π-helical bond span a given residue. 

In addition to the hydrogen bonds defining a given residue's secondary structure, 

the coarse anchors also include three zero-hydrogen-bond states that represent the three 

different dihedral angle Ψ ranges for this zero-hydrogen condition. They include (i) a 

state for which the dihedral angle Ψ is negative (referred to as [none] due to absence of 

hydrogen bonds and the negative Ψ angle), (ii) the dihedral angle Ψ is positive, but less 

than 90° (90°>Ψ>0°), and (iii) the dihedral angle Ψ is greater than 90° or less than -150° 

(Ψ>90°). 
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Figure 2.3. 310-, α-, and π-Helical Hydrogen-Bond Types Spanning a Residue Residue 

status in the coarse system defined by (i) the set of hydrogen bonds spanning 

the residue of interest (orange) as well as (ii) the residue’s dihedral angle Ψ. 

Hydrogen bonds appear in three varieties depending on the residues whose 

amide and carbonyl groups are bonded: 310-helical hydrogen bonds bind an 

amide group with the carbonyl three residues away (i:i:+3), while α-helical 

hydrogen bonds have i:i+4 binding, and π-helical hydrogen bonds have i:i+5 

binding. Any given residue may have multiple hydrogen bonds spanning it 

as illustrated here. Coarse anchor definition requires evaluating the state of 

each of these bond types and classifying the residue based on the resulting 

set of existing bonds. Hydrogen bonds are considered to exist if the N-O 

distance <0.35nm and the NH-O angle >150°. 
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Table 2.2. Coarse Anchor / Amino-Acid State Definitions Coarse anchors are based on 

both the type and quantity of hydrogen bonds spanning a residue, as well as 

the residue's dihedral angle Ψ, reflecting the fact that multiple types (e.g., 

π/α1, 310/α1) and multiple quantities of bonds (e.g., α3, α2, α1) may span a 

residue at any given time. The anchor none denotes the zero-hydrogen bond 

condition, while two other anchors reflect two positive dihedral Ψ angle 

ranges (Φ angle is not evaluated). Hydrogen bonds are considered to exist if 

the N-O distance <0.35nm and the NH-O angle >150°. 

310 α π

Ψ > 90 any any any > 90, < -150

90 > Ψ > 0 any any any 0 - 90

none 0 0 0 <0

310 any 0 0 < 0

310/α2 any 2 0 < 0

310/α1 any 1 0 < 0

α3 0 3 0 < 0

α2 0 2 0 < 0

α1 0 1 0 < 0

π/α3 0 3 any < 0

π/α2 0 2 any < 0

π/α1 0 1 any < 0

π12 0 0 1 or 2 < 0

π34 0 0 3 or 4 < 0

Coarse 

Anchor /   

AA-state 

Designation

Quantity of Hydrogen 

Bonds
Ψ Angle 

Values        

(degrees)
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Figure 2.4. Coarse Anchor Illustrations. The 14 coarse anchors illustrating the local 

hydrogen-bond network spanning a given residue (orange). Spanning 

hydrogen bonds may be one of three varieties: 310-helical (residues i:i+3), α-

helical (residues i:i+4), or π-helical (residues i:i+5). Combinations of 

different hydrogen bond types and quantities define the coarse anchors. 

Hydrogen bonds are considered to exist if the N-O distance <0.35nm and 

the NH-O angle >150°. (Sidechains are omitted for clarity.) 

π12 π/α1

π/α2 π/α3

α2

α1

α3 310/α1

310/α2 310 [none]

90>Ψ>0 Ψ>90

π34

310-Helical Hbond α-Helical Hbond π-Helical Hbond
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2.2.4.2: Methods: Fine-Anchor System 

Fine anchors are defined by the (i) hydrogen bond pattern for all α-helical states 

having negative-Ψ angles, (ii) two different, positive-Ψ angle states for four rotationally 

flexible hydrogen bond patterns, and (iii) two “basket” states to reflect residues 

containing either π- or 310-helical bonds. Specifically, the 42 fine anchors are the direct 

sum of: 

 32 fine anchors that represent the hydrogen bond pattern for all α-helical states 

having negative-Ψ angles.  They reflect the 32 (=25) possible permutations of the 

five specific hydrogen bonds associated with a given residue: the three spanning 

across the residue (‘C1-’, ‘C2-’, and ‘C3-’) as well as the two bonds formed by 

the residue’s amino (‘C4-’) and carbonyl (‘C’) groups. We note that, while these 

designations are labeled with the relative carbon position from the carbonyl 

group, the hydrogen bond calculation is performed based on the oxygen position.  

 8 fine anchors that represent two different, positive-Ψ angle states for the four 

rotationally flexible, hydrogen bond patterns, namely patterns 1, 3, 4 and 9 (see 

Fig. 2.17 for energy landscapes demonstrating this flexbility). Hence, additional 

positive Ψ angle anchors are defined ‘1+’, '1++', ‘3+’, '3++', '4+', '4++', ‘9+’, and 

'9++', where the '+' and '++' denote dihedral angle ranges (90°>Ψ>0°) and (Ψ>90° 

or Ψ< -150°), respectively.  

 2 fine anchors that represent two “basket” states to reflect residues containing 

either π- or 310-helical bonds.  Note that in the fine representation, we do not split 

the π- or 310-helices into specific permutations of the possible bonds, as the 

probabilities of these anchors in the coarse description is low relative to the α-

helical states (see Fig. 7 for coarse anchor probabilities). 
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Note that there is a degree of overlap between the coarse and fine anchors. The 

fine anchors subsume certain of the coarse anchors in that the quantity of existing 'C3-', 

'C2-' and 'C1-' bonds are considered in the coarse-anchor definition. The fine anchors add 

the two hydrogen bonds formed with the residue ('C4-' and 'C'), as well as considering not 

just the quantity of bonds, but their precise permutations (i.e., there are five different 

anchors in which one bond exists). That said, the precise set of existing hydrogen bonds 

is only considered for residues in the pure α-helical condition, i.e., those containing 

neither π- nor 310-helical bonds. 

 

 

Figure 2.5. Fine-Anchor Hydrogen Bonds and Naming Convention Five hydrogen bonds 

surrounding a residue are enumerated according to the position of the 

carbonyl group (red atoms in the above stick representation) relative to the 

residue of interest (orange). Hydrogen bonds are considered to exist if the 

N-O distance <0.35nm and the NH-O angle >150°. In the absence of 310- or 

π-helical bonds, the permutation of existing bonds in this five hydrogen 

bond set and the dihedral angle ψ determine the amino acid’s fine anchor or 

fine AA-state. 

Ψ

C

C1-

C2-

C4-

C3-
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Table 2.3 

Fine Anchor 

Designation

Quantity of α Helical 

Hbonds
Ψ Angle Values

(# Indicates 

Hydrogen 

Bond Pattern)

C4- C3- C2- C- C

32 5 1 1 1 1 1 all

31 4 1 0 1 1 1 all

30 4 0 1 1 1 1 all

29 4 1 1 1 1 0 all

28 4 1 1 1 0 1 all

27 4 1 1 0 1 1 all

26 3 0 0 1 1 1 all

25 3 1 0 1 1 0 all

24 3 0 1 1 1 0 all

23 3 1 1 1 0 0 all

22 3 1 0 1 0 1 all

21 3 0 1 1 0 1 all

20 3 1 0 0 1 1 all

19 3 0 1 0 1 1 all

18 3 1 1 0 1 0 all

17 3 1 1 0 0 1 all

16 2 0 0 1 0 1 all

15 2 0 0 1 1 0 all

14 2 1 0 1 0 0 all

13 2 0 1 1 0 0 all

12 2 0 0 0 1 1 all

11 2 1 0 0 1 0 all

10 2 0 1 0 1 0 all

9 2 1 0 0 0 1 -150°:0°

9+ 2 1 0 0 0 1 0°:90°

9++ 2 1 0 0 0 1 90°:180° or -180°:-150°

8 2 0 1 0 0 1 all

7 2 1 1 0 0 0 all

6 1 0 0 0 1 0 all

5 1 0 0 1 0 0 all

4 1 0 0 0 0 1 -150°:0°

4+ 1 0 0 0 0 1 0°:90°

4++ 1 0 0 0 0 1 90°:180° or -180°:-150°

3 1 1 0 0 0 0 -150°:0°

3+ 1 1 0 0 0 0 0°:90°

3++ 1 1 0 0 0 0 90°:180° or -180°:-150°

2 1 0 1 0 0 0 all

1 0 0 0 0 0 0 -150°:0°

1+ 0 0 0 0 0 0 0°:90°

1++ 0 0 0 0 0 0 90°:180° or -180°:-150°

π

310

Hydrogen Bond Status                     

(1=Intact; 0=Broken)

NOTE: this fine anchor incorporates any residues with a π-helical hydrogen bond (and 

therefore not in a pure α-helical state)

NOTE: this fine anchor incorporates any residues with a 310-helical hydrogen bond (and 

therefore not in a pure α-helical state)
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Table 2.4. Fine-Anchor Definitions. Fine-anchors definitions based on hydrogen bond 

pattern of five hydrogen bonds spanning the residue; dihedral angle Ψ 

conformation; and π- or 310-helical bonds, if any. Additional positive-Ψ 

angle anchors are defined for patterns 1, 3, 4, and 9, where the '+' and '++' 

denote angles (90°>Ψ>0°) and (Ψ>90° or Ψ<-150°), respectively, as CFMD 

simulations indicated that these patterns exhibited significant rotational 

flexibility. Fine anchors are also included for a residue that is not in the pure 

α-helical state, due to the presence of either 310- or π-helical bond states; in 

the CFMD simulations, these anchors were infrequently visited as compared 

to the α-helices. Hydrogen bonds are considered to exist if the N-O distance 

<0.35nm and the NH-O angle >150°. 

 

2.2.4.2 Methods: Data Analysis 

After the atomic, full-coordinate, space data from the MD simulations was binned 

into appropriate AA-states, analysis was performed on the resulting AA-state trajectories. 

At each time step, the status of the spanning hydrogen bonds and the dihedral angle Ψ of 

each residue are evaluated. The AA-state corresponding to the state of these coarse 

variables is determined according to the anchor system employed (either coarse or fine). 

Certain data analysis is based solely on the instantaneous AA-state, e.g., AA-state 

trajectories and probabilities. Other metrics, e.g., net fluxes between anchors, are 

transition dependent and are evaluated with consideration to the prior AA-state.  

Calculation of net fluxes provides the opportunity to determine a reaction 

pathway for better understanding of molecular mechanisms. Rather than determine this 

pathway from the few long trajectories (e.g., by tracing the progression of individual 

amino acids throughout the entirety of these long trajectories), the net flux analysis 

breaks these long trajectories into trajectory fragments or transitions, occurring hundreds 

or thousands of times more often. Hence, reaction pathways can be more accurately 

computed from this ensemble of transitions—each computed over an ensemble of 

trajectories—which provides better insight into the reaction mechanism(s).  
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Consider a graph G with N nodes (‘anchors’) and E edges (‘Milestones’) 

connecting these nodes. Analysis of the AA-state trajectories allows the calculation of qkl, 

the total flux between anchors k and l, by determining the number of transitions from k to 

l; similarly, qlk, the total flux between anchors l and k, can be calculated. For processes at 

equilibrium and/or completely reversible transitions, qkl=qlk. But, for processes not at 

equilibrium, there is no requirement that qkl=qlk. For example, under external load the 

unfolding pathways may differ from re-folding pathways.  To wit, a number of unfolding 

events, which do not refold, are observed. As key transitions may be “directional,” it is 

expedient to cast the trajectory data in terms of a net flux wkl from k to l, where wkl=qkl-

qlk is defined as the positive net flux from k to l. Moreover, on graph G depicting the net 

flux between nodes k and l, the edge connecting k and l is assigned the corresponding 

weight wkl. 

The Maxflux algorithm, as implemented for a Milestoning graph
176

, seeks a path 

that connects the reactant and product states and that carries maximum flux. Another 

algorithm was proposed in the context of the Markov State Model
185

. As used in the 

current study, the following algorithm finds the Maxflux path: 

Step 1. Find the link emin with the smallest weight wmin=mini(wi) on the graph G 

(corresponding to the edge/Milestone with the smallest flux) and mark it for 

elimination. Note that the weight wi consists of connections between two 

anchors, e.g., k and l. If no edges on graph G remain that have not been marked 

in Step 2 as part of the path, then stop. 

Step 2. Check if, after removing emin, it is still possible to find a sequence of edges 

leading from the reactants to the products. If yes, then remove emin from the 

graph and return to Step 1. If no, then store emin as an edge on the desired path 
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and remove it from consideration of the minimum weight edge (Step 1). 

Proceed to Step 1.  

The collection of edges that remain after all non-marked edges are removed is the 

‘Maxflux path’; it is guaranteed to provide the maximum flux path in the discrete space 

generated in the Milestoning calculations. Finally, a ‘transition state’ can be chosen as the 

edge along a Maxflux path with the smallest weight. Additional paths, e.g., second best, 

third best, etc., may be found by eliminating the ‘transition state’ in the first-order (i.e., 

Maxflux) path from consideration and repeating the algorithm.  

 

2.3 RESULTS 

2.3.1 Results: Coarse Anchors: Representative Amino-Acid State Trajectories 

Amino-acid state trajectory visualizations illustrate the helix’s spatial and 

temporal structural evolution, as well as the relative variability between and within the 

three applied load levels. For each run, amino-acid states (or AA-states) are calculated for 

the helix’s central 86-residue analysis section for each image saved at picosecond 

intervals for each run of the different three load levels. Notably, multiple, distinct 

transitory (lasting tens to hundreds of picoseconds) secondary structures may appear, 

evolve, and dissolve over time within a given simulation. Moreover, the states and 

transitions are well visited, demonstrating that the data is sufficiently rich for Milestoning 

analysis. Nevertheless, some long lived species (on the simulation time scale) are also 

observed. Hence, the present simulation is not sufficient to describe the entire folding 

process and we focus instead on early events in which a single amino acid lose its α-

helical structure. 
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Amino-acid state trajectories illustrate the formation of persistent (longer than 

1ns) non-α helical secondary structures, namely π helices and their hybrids. While these 

non-α secondary structures form at the three load levels, their formation is strongly 

dependent upon load level. As illustrated in Fig. 2.6, these secondary structures, in some 

cases, form at individual residues, propagate to neighboring residues and potentially 

merge with like neighbors, while, in other cases, they are arrested and do not propagate 

along the helix. Critically, the data reveals that these non-α helical structures are not 

necessarily intermediates to unfolding, and, in most cases, do not precede unfolding 

events. 

In addition to the formation of non-α helical structures, amino-acid state 

trajectories also illustrate unfolding events in which an individual residue’s Ψ angle 

rotates, in the positive direction, beyond 0°. As with the formation of π helices, unfolding 

events may initiate at individual residues and spread to neighboring residues. On the 

other hand, these unfolding events can also be arrested with helix refolding into either an 

α- or π-helical secondary structure. While π-helices are relatively long-lived structures, it 

is clear from the amino-acid state trajectories that the 310-helices are relatively short-lived 

structures.  
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Figure 2.6. Sample Amino Acid-State Trajectories. [Top] Sample AA-state trajectories 

(time increasing from bottom to top) displaying creation/destruction of non-

α helical secondary structures for the three examined load levels (n=number 

of runs; Table 2.1): 0pN (n=10), 10pN (n=10), and 100pN (n=20). Amino-

acid states are defined by the quantity and type of hydrogen bonds spanning 

a given residue as well as the residue's Ψ angle. For these illustrations, 

hydrogen bonds are considered to exist if the N-O distance <0.35nm and the 

NH-O angle >150°. [Bottom] Expanded view revealing transitory 

creation/destruction of non-α helical secondary structures (left: π helix; 

right: unfolded domain) over a timescale of 10s of picoseconds and 

spanning about five sequential residues. Many transitions between AA-

states reflect that these states are well mixed. 

Interestingly, it is also possible for multiple non-α structures (either π helices or 

unfolded residues) to simultaneously exist along the helix but at different—and, perhaps 

surprisingly, sometimes adjacent—residues, within a particular helix, suggesting that 
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helices generally have a heterogeneous AA state composition. While there are instances 

of structural transitions occurring from the helix’s loaded, terminal ends, non-α structures 

predominantly form in the helix's interior.  

While the evolution and propagation of persistent non-α helical structures is clear 

from the amino-acid state trajectories, closer examination of the initiation of these 

structures reveals rapid transitions (on the order of a few picoseconds) between amino-

acid states. These relatively rapid transitions mark the breaking and/or formation of 

individual hydrogen bonds. Critically, while large, macroscopic structural transitions (π 

helix formation and/or multiple-residue unfolding) occur only a handful of times within 

each simulation run, closer examination of all the data—but particularly at transitions—

indicate that on a single-residue basis the chosen system states are well-visited and 

therefore statistically appropriate for Milestoning
186

. 

 

2.3.2 Results: Coarse Anchors: Amino Acid-State Probability 

In addition to the AA-state trajectories, amino-acid state probabilities quantify 

each helix’s secondary structure population at each load level. While trajectories of each 

simulation run qualitatively illustrate the system's evolution, AA-state probabilities 

provide a quantitative description of the time-averaged, helix structural state, as well as 

indicating load-dependent, secondary structure propensities. 
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Figure 2.7. Amino-Acid State Probabilities as a Function of Load [Top] Average amino-

acid state probabilities as a function of load level, based on all simulation 

time for each load level. Amino-acid states are defined by the quantity and 

type of hydrogen bonds spanning a given residue as well as the residue's Ψ 

angle. Values are the block averages and block standard errors where each 

block is an individual trajectory within each load level (see Table 2.1). 

[Bottom] Expanded view of the lowest range of amino-acid state 

probabilities to illustrate in greater detail the non-α helical secondary 

structure populations. 
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Consistent with the sample amino-acid state trajectories, the time-averaged 

amino-acid state probabilities reveal the proclivity of the 2fxmA sequence to retain its α-

helical conformation (sum of α3, α2, α1 probabilities ~85-90%)—even under a constant 

external stretching force (≤100pN) on the time scale of the simulation. Moreover, as 

expected, increasing load monotonically decreased the α3 state population (66%58%), 

as the applied axial load favors breaking at least some of these bonds. This trend is not 

apparent, however, for the far less prevalent α2 (~19-20%) or α1 (~3-5%) states that are 

similarly prevalent at the three load levels. 

While increasing load diminishes the α3 state population, it clearly plays a role in 

populating non-α helical secondary structures. In particular, the 10pN—and 0pN to a 

somewhat lesser degree—load favors the formation of π helices, while the 100pN load 

helix is virtually devoid of π helical structures. Notably, each π structural variant 

population is <1% for 100pN load helix. On the other hand, the 100pN load favors the 

formation of 310-helices and demonstrates a much greater tendency to unfold the helix. 

The 100pN load helix is significantly more unfolded, Ψ>90° state population >7% as 

compared to <1% for either the 0pN or 10pN load levels. Stated another way, the Pearson 

correlation coefficient of π-helical—including π34, π12, π/α1, π/α2, and π/α3—states’ 

occupancy with load magnitude is -0.86, while the Pearson correlation coefficient of 310-

helical—including 310, 310/α1, and 310/α2—states’ occupancy with load magnitude is 

0.99.  Increasing load primes the helix for unfolding by favoring the 'longer' (relative to 

α-helical) 310-helical states while the 'shorter' π-helical states are eliminated at higher 

loads. 

As was noted with the amino-acid state trajectories, the population of the 310-helix 

state is virtually non-existent at lower loads (~0.2% for both 0pN and 10pN), reflecting 

the lack of persistent structures of this type. Even with the highest load the pure 310-helix 
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state has a population of <1% (0.8%). Conversely, the population of combined, pure π-

helical states (π34 and π12) at 10pN is >5%. Interestingly enough, the structural hybrid or 

transition states—π/α1, π/α2, 310/α1, and 310/α2—are each visited as often as the pure 

non-α helical states—π34, π12, and 310—reflecting the highly connected, frequently 

visited, state network responsible for the diffusive nature of the unfolding initiation 

process. 

 

2.3.2 Results: Coarse Anchors: Ψ Angle Distributions by Coarse Anchor 

As alternative depictions of the coarse anchors, the Ψ angle distributions for each 

AA-state demonstrate the relative “rotational flexibility” of a residue within its secondary 

structure. Given that unfolding is generally defined as a positive rotation of Ψ beyond 0°, 

it is potentially insightful to examine the proclivity of each secondary structure to 

approach this threshold. Additionally, as others have hypothesized that these various 

secondary structures are (necessary) intermediates of unfolding, it is useful to understand 

how their relative rotational flexibility—or lack thereof—may contribute to intermediate 

behavior. 
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Figure 2.8 
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Figure 2.8. Ψ Angle Distribution versus Amino-Acid State for Each Load. [Left] One-

dimensional, dihedral angle Ψ potentials of mean force for each amino-acid 

state and load. Potentials of mean force calculated via Boltzmann inversion, 

where    ln ( )AA state AA stateE p    , of dihedral angle Ψ probability 

distributions for each amino-acid state. Probability distributions calculated 

over all simulation time for each load level. Simulations were run at 310K; 

energy is in units of kBT. [Right] Differences in dihedral angle Ψ potentials 

of mean force between load levels. Negative energy populations (blue 

regions) correspond to a relatively higher population—and subsequently 

lower energy—of the larger force. 

While the α-helical states are noticeably the most visited—and, therefore, the 

lowest free energy—states, the Ψ-angle distribution widths reflect the differing 

flexibilities of the corresponding secondary structures. In particular, there is a small but 

distinct increase in the Ψ angle corresponding to the energy minimum of the 310-, α-, and 

π-helical states, consistent with expected Ψ values based on literature values.  

While there are notable differences between the distributions for different 

secondary structure states, it is clear from these Ψ angle distributions that any existing 

hydrogen bonds constrain the residue so that unfolding is only possible when all 

hydrogen bonds are broken. Thus, it can be inferred that breaking the hydrogen bonds 

spanning a particular residue is necessary—but not, as will be seen later, sufficient—for 

unfolding. Moreover, it is clear from comparison of different hydrogen bond quantities 

within a specific type of secondary structure (i.e., comparing π/α3, π/α2, and π/α1 or 

alternatively π34 and π12) that additional hydrogen bonds further constrain the rotational 

flexibility of the Ψ angle. Note the distribution for the π34 and π12 AA-states in which 

the lower bond number state (π12) has noticeably greater flexibility—and therefore 

entropy—than the higher bond number state (π34); the same holds true for the pure α 

states in which α1 has greater entropy than α3. Thus, as more bonds are broken the 

residue has greater conformational flexibility. As will be seen later (Fig. 2.10), hydrogen 
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bond reformation is a critical step in the overall unfolding process, therefore this 

flexibility may play a critical role in unfolding initiation. 

Finally, these distributions confirm the efficacy of assigning secondary structure 

based on hydrogen-bond connectivity rather than the Ψ angle value. Specifically, the 

overlap in amino-acid state Ψ angle distributions clearly illustrates that, if the secondary 

structure designation was solely based on Ψ angle, there would be multiple degeneracies 

corresponding to Ψ angles between roughly -20° and -80°, due to the omission of 

information regarding the hydrogen bond states. Further, the 310 structure can (and does) 

serve as a Ψ-angle intermediate between the α-helical and unfolded states, while the π-

helical structures, with their decreased Ψ angles, are inconsistent with “primed to unfold” 

structure that would be expected in an unfolding intermediate. 

 

2.3.4 Results: Coarse Anchors: Flux Networks 

Net fluxes between two amino-acid states 'i' and 'j', defined as 
ij ij jiq q q   , 

reveal the connectivity between states, as well as the directional tendencies of amino-acid 

state transitions. Arrows point in the direction of positive flux. Flux networks depict the 

‘flow’ of amino-acid states, illustrating the reaction pathway from the initial, native α3 

state, through various secondary structures, and ultimately to the completely unfolded 

Ψ>90° state. Qualitative comparison between graphs for different load levels reveals the 

role of load in altering the reaction pathway through various helical secondary structures, 

particularly in determining whether certain non-α secondary structures are true unfolding 

intermediates or “off-the-pathway” intermediates to unfolding. 

Here, the flux networks clearly illustrate that the unfolding pathway depends on 

the magnitude of applied load. The 0pN net fluxes show connectivity between all states, 
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but there is relatively little net flux into the non-bonded (none) and unfolded (90°>Ψ>0°, 

Ψ>90°) states. While the 10pN case shows a similarly small net flux to unfolding, the 

most glaring feature at this intermediate load level is the tendency to form relatively long-

lived, π helices; the reasons for this are examined further in the next section. This 

tendency to form π-helices is consistent with the amino-acid state populations noted 

above. Further and consistent with the Ψ angle distributions, the net flux pathways reveal 

that the π-helix formation at this load level is not a structural intermediate to unfolding, 

but rather a separate, 'off-the-pathway,' diversionary state.  

 

In stark contrast, the 100pN flux networks clearly reveal the proclivity to unfold 

via breaking bonds in the α-helical state, possibly passing rapidly through the 310 

unfolding intermediate, followed by an accelerated rate of Ψ angle rotation, consistent 

with the zero-hydrogen bond Ψ angle distribution. Thus, these net flux reaction pathways 

illustrate that load magnitude affects not only the rate of unfolding, but, critically, also 

the pathway—either by directly, albeit progressively, through unfolding intermediates 

(100pN) or by being diverted into another, relatively stable, but non-unfolding 

intermediate state (10pN). Interestingly, the 10pN and 100pN graphs share a common 

high-flux unfolding pathway, in spite of the fact that the 10pN has a proclivity to be 

diverted to the formation of π-helical structures.  

The five highest, net fluxes at each load level provide a qualitative comparison 

between the loads (see Table 2.4). The states connected by these largest net fluxes 

indicate the helix’s behavior for each load. The five largest net fluxes for the 0pN load 

are for transitions between the α- and 310-helical states and their structural intermediates. 

On the other hand, for 10pN three of 3 of its five largest net fluxes involving the 

formation of π helices, while the largest net fluxes of the 100pN involve the later steps 
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for unfolding, primarily the α1 states. Interestingly, the magnitude of the largest net 

fluxes is roughly the same (~3-4 fluxes/ns), notable exceptions being the two highest for 

both the 0pN and 100pN.  

While the individual load levels illustrate several heavily trafficked pathways 

towards unfolding, it is vital to note that the different amino-acid states are multiply 

connected via many parallel, competing pathways. Given that there is no distinct reaction 

pathway between the native (α3) and completely unfolded (Ψ>90°) state, any 

methodology investigating the kinetics of the unfolding process must account for this 

high degree of multiplicity and connectivity. As discussed in the Methods section, the 

Milestoning methodology implicitly incorporates multiple, parallel channels in its 

formulation and is thus ideally suited to capturing the system’s dynamics. 
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Figure 2.9 
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Figure 2.9. Flux Networks as a Function of Load. Net fluxes between amino-acid states, 

illustrating channels between helical states, including non-α helical 

secondary structures. Net flux between two states 'i' and 'j', defined as 

ij ij jiq q q   , is calculated using all simulation time within each load level; 

arrows point in the direction of positive flux. State circle diameter is 

proportional to amino-acid state probability, while network edge thicknesses 

scale with the magnitude of net flux, normalized within each load level. (For 

visual clarity, fluxes below 5% of the maximum net flux for a given load 

level are omitted.) Possible unfolding pathways for the 0pN scenario include 

α3α2310/α1none; this pathway does not connect to the unfolded, 

Ψ>90° state, perhaps due to the lack of applied load. A high flux 10pN 

pathway is α3α2α1none90°>Ψ>0°Ψ>90°, where the last two 

fluxes are comparatively small relative to the earlier net fluxes. A high flux 

100pN pathway is the same as the 10pN example, but having higher net 

fluxes for each graph edge. 

 

  

Table 2.5. Five Highest Net Fluxes Between Coarse Anchors. Five largest net fluxes (per 

nanosecond, per trajectory) and their corresponding amino-acid states for 

each load level. Net fluxes are (i) calculated using all simulation data for 

each load level and (ii) normalized by the total simulation time within each 

load level. 

 

2.3.5 Results: Coarse Anchors: Amino-Acid State Exit Probabilities 

State exit probabilities clearly illustrate the overriding tendency to form—rather 

than to break—hydrogen bonds. This is particularly obvious for the α2 state that has an 

Net Flux 

per ns

Origin             

AA-state

Destination 

AA-state

Net Flux 

per ns

Origin             

AA-state

Destination 

AA-state

Net Flux 

per ns

Origin             

AA-state

Destination 

AA-state

5.48 α3 α2 3.77 π12 π34 6.39 α1 none

5.40 α2 310/α1 3.63 α2 α1 5.06 α3 α2

2.61 310/α1 α3 3.48 π/α1 π12 3.55 90>Ψ>0 Ψ>90

2.44 310/α2 α2 3.38 α3 α2 3.25 310/α1 α1

2.25 α2 α1 2.51 π34 π/α1 2.59 310/α2 α1

0pN 10pN 100pN
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85% probability of forming a third bond, while a less than 10% likelihood of breaking 

another bond.  

Hydrogen bond reformation tends to stabilize the secondary structure—even in 

the no-bond state. Bond reformation (in 310, α, or π secondary structure in the no-bond 

state) occurs >95% of the time for the low loads (0pN and 10pN), and >90% of the time 

for the highest load (100pN). Notably, this effect disappears with rotation of the Ψ 

dihedral to a positive angle; in such cases, the system—regardless of load—is >50% 

likely to continue rotating to the Ψ>90° state. Thus, based on these state exit 

probabilities, it can be inferred that bond reformation tends forestall the initiation of 

unfolding. Furthermore, while bond failure is necessary to unfold, these results further 

emphasize that even the breakage of all hydrogen bonds spanning a residue is insufficient 

to initiate unfolding. The hydrogen bonds rapidly reform unless significant positive Ψ 

rotation prevents their reformation. 

An interesting side effect of the α-helix's tendency to reform hydrogen bonds is 

the load-dependent formation of non-α helical structures that favors π helices at 10pN and 

310 helices at 100pN. It is insightful to examine the formation of bonds from the no-bond 

state to the π12, α1, or 310 states (Fig. 2.7 in orange). While all three load levels are most 

likely to form an α-helical bond (with >35% likelihood), the 10pN load level has a >10% 

likelihood to form either one or two π-helical bonds, while the 100pN shows a >20% 

likelihood to form a 310-helical bond. A similar phenomenon is seen with the α1 state and 

its transitions to the π/α1, α2, or 310/α1 states. Thus, examining states via their exit 

probabilities reveals the subtle connectivity differences underlying helix-level 

observations, such as a tendency to form π helices under a 10pN axial load. Furthermore, 

these exit probabilities illustrate that non-α secondary structure formation is most likely 

the result of bond reformation—not breakage—and thus should not necessarily be 
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thought of as a structural intermediate on the way to unfolding, but rather a structure—at 

least temporarily—“rescued” by hydrogen bond reformation. 
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Figure 2.10 
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Figure 2.10. Amino-Acid State Exit Probabilities as a Function of Load. Exit 

probabilities from each amino-acid state, calculated as the likelihood of 

transitioning from a given state to another connected state. Exit probabilities 

from state 'i' to 'j' are calculated as 
,  /exit ij ij ik

k

p n n   where the 

normalization is over all exits from state 'i' to any state 'k'. The sum of all 

exit probabilities for a given state equals one. Probabilities are calculated 

over all residues and all simulation time within each load level; values are 

the block averages and block standard errors where each block is an 

individual trajectory within each load level (see Table 2.1). Certain, low-

probability connectivities (e.g., α3/α1) are omitted for clarity. Exit 

probabilities (orange) illustrate the role of hydrogen bond reformation in the 

creation of non-α helical structures. Meanwhile, exit probabilities (magenta) 

between none and 90°>Ψ>0° illustrate the role of load magnitude in the 

rotation of the dihedral angle Ψ.  

 

2.3.6 Results: Coarse Anchors: Average Milestone Lifetimes 

In order to assess the role of load in accelerating individual amino-acid state 

transitions—in addition to governing the pathway of state transitions—average Milestone 

lifetimes are calculated. As Milestones occupy the boundaries between two states, they 

accommodate repeated transitions between these neighboring states. In contrast to 

transition-state theory, recrossing a surface in Milestoning, is account for exactly. Hence, 

Milestone lifetimes provide metrics to describe the kinetics of meaningful individual 

transitions and quantify their timescales. 

A key observation of the average Milestone lifetimes is that these individual 

structural transitions occur rapidly, on the order of one-to-tens of picoseconds. The one 

notable exception is the terminal, “completely” unfolded Milestone (90°>Ψ>0°:Ψ>90°) 

as it is assumed to be an unrecoverable transition (i.e., an absorbing boundary). 

Consistent with the representative amino-acid state trajectories and the absence of 

persistent 310-related structures, the average Milestone lifetimes of these structures are 
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typically less than 5 ps. On the other hand, the π-related structures are noticeably longer 

lasting, on the order of 10 ps or more. 

The effect of increasing load on these structural transitions is typically to reduce 

their average Milestone lifetime with few exceptions. While there is a qualitative role for 

load in average Milestone lifetime, the effect of increasing load is typically only on the 

order of a few picoseconds. That said, an interesting feature of load in stabilizing the 

unfolded state can be seen with the monotonically increasing lifetime of the 

none:90°>Ψ>0° Milestone with increasing load, which is consistent with the notion that 

applied loads work to prevent a return of the Ψ angle to a negative value. Higher loads 

are presumably more effective in preventing this return. 
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Figure 2.11. Average Milestone Lifetimes as a Function of Load. Average local lifetimes 

for select Milestones (others omitted for clarity), as a function of applied 

load and calculated over all simulation time for each load level. Lifetimes 

calculated by averaging Milestone transition times over all unique Milestone 

visits (i.e., recrossings of the same Milestone do not terminate the trajectory 

or the visit lifetime). Pink arrows indicate the initiating and terminating 

Milestones in the calculation of Mean First Passage Time for the coarse 

anchor system. Note that this figure illustrates timescales for the three 

essential processes within the initiation of unfolding mechanism: (i) fast 

(~single ps) hydrogen bond formation / dissociations, (ii) intermediate 

(~tens of ps) Milestone lifetimes, and (iii) slow (~hundreds of ps) dihedral 

angle rotations. 

 



 72 

 

Figure 2.12. Local Mean First Passage Time: Calculation Schematic. As Milestone 

(α3:α2) is defined to be the interface between two anchors, this average 

lifetime can include many transitions between the same two anchors (α3 and 

α2). Calculation of the lifetime of a given visit to a Milestone is initiated 

when first crossing the Milestone from another Milestone and is terminated 

as soon as the system transitions to a third anchor (310/α2), thereby crossing 

another Milestone (α3: 310/α2). 

 

2.3.7 Results: Coarse Anchors: Mean First Passage Time of Unfolding Initiation 

To estimate the kinetics of unfolding initiation for both the unloaded 

(equilibrium) and loaded scenarios, the mean first passage time (MFPT) was calculated 

from a native α-helix (α3:α2) to a completely rotated Ψ angle (90°>Ψ>0°:Ψ>90°) 

Milestone. The MFPT calculation combines the average lifetimes of individual structural 

transitions/Milestones with the multiply connected, parallel pathways of unfolding as 

represented by the transition probabilities, to provide a single MFPT to the fully 

unfolding state. These estimates also provide insight into the role of load in unfolding. 

For the coarse anchor system, the calculated MFPTs are 4.19ns (0pN), 5.16ns (10pN), 

and 2.40ns (100pN), markedly non-monotonic. 

The MFPT between the native, initial Milestone (α3:α2) and the fully unfolded 

(90°>Ψ>0°:Ψ>90°) Milestone displays a “kinetic turnover” in which the MFPT for the 

α2

α3

310/α2
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intermediate load level (10pN) is higher than either the unloaded (0pN) or high load level 

(100pN). Interestingly, this non-monotonic MFPT is in marked contrast to the 

monotonically lower average lifetimes of individual Milestones for different loads, 

indicating that unfolding MFPT is not a serial, direct sum of individual structural 

transitions, but rather a change in the path.  

Furthermore, the estimated MFPTs for unfolding initiation are on the order of a 

few nanoseconds, although individual Milestone lifetimes are at most ~30 ps—with the 

one exception of the final, fully unfolded (90°>Ψ>0°:Ψ>90°) Milestone lifetime 

(~200ps). The several orders of magnitude difference between individual amino-state 

transitions and the overall unfolding initiation process reflects the diffusive, highly 

connected, frequently traversed trajectory (shown in Fig. 2.9) in which many states are 

visited before randomly “stumbling” on the final state. Remarkably, even a relatively 

large, constant axial load (100pN), is insufficient to “pull” the system directly through its 

intermediates; here again, hydrogen bond reformation rescues the vulnerable, no 

hydrogen-bond secondary structure before chance structural disturbances have the 

opportunity to rotate the dihedral angle to a positive value. 
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Figure 2.13. Mean First Passage Times for Unfolding a Single Residue as a Function of 

Load. Mean first passage time from the initiation Milestone (α3:α2) to the 

destination Milestone (90°>Ψ>0°:Ψ>90°) calculated for each load level via 

 
1

f P t  





   I K . Calculation of MFPTs are based on all simulation 

data for a given load level.  

 

2.3.8 Results: Coarse Anchors: Amino-Acid State Dependence on Amino-Acid Type 

The dependence of amino-acid state on amino-acid type is examined to assess the 

proclivity, if any, of specific amino acids and/or types (electrostatic, polar, hydrophobic, 

etc.) to transition to a non-α helical secondary structures. Pearson correlation coefficients 

of amino-acid state occupancies with increasing load magnitude were calculated for each 

amino acid type. Likewise, Pearson correlation coefficients are calculated between the 

amino-acid state occupancy percentage and increasing load magnitude for each amino-

acid type and occupancy state combination. Given the helix’s amphipathic nature, 

including a number of alternating charged and hydrophobic residues consistent with a 

helix found in a coiled-coil, at the outset it was not obvious whether amino-acid type 

plays a role in helix unfolding. For example, it is possible that hydrophobic residues, 
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which are normally in contact with the complementary hydrophobic side of the helix 

coiled coil partner, may become unstable when isolating the individual helix as has been 

done in the current study. 

Examination of the data reveals relatively consistent amino-acid state 

distributions for each amino acid within individual load levels. There are noticeable 

differences in amino-acid state populations across load levels, reflecting of the overall 

state population differences with load. In particular, the 10pN state distributions reflect a 

greater tendency to form π-helical structures, while the 100pN distributions show a 

greater tendency to break bonds and unfold. These observations are supported by the 

Pearson correlation calculations in which the π- and α-helical states show a strong 

negative correlation with load magnitude, indicating that increased loads lead to lower 

occupancies of these states. Meanwhile, the 310-helical, no-bond (none), and positive 

dihedral angle Ψ states have strong positive correlations with load magnitude, indicating 

that they are increasingly populated with increased load.  

The two major outliers, threonine and isoleucine, are relatively rare within the 

helix’s studied section, appearing only once and twice, respectively. While there are other 

amino acids appearing in similar quantities without having outlier state populations, such 

as cysteine and serine, there is no obvious dependence of amino-acid state population of a 

non-helical structure on specific amino acid. 

There also appears to be no major dependence on amino-acid type. The four 

electrically charge amino acids present in the helix's 86-residue interior (Arg, Lys, Asp, 

Glu) have similar distributions to those of the non-outlier hydrophobic amino acids (Ala, 

Leu, Met, Val). Thus, there does not appear to be a dependence of amino-acid state on 

amino-acid type, justifying the subsequent analysis in which the state populations and 

kinetics for all residues are lumped together. Consistent with the qualitative observations 
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shown in Fig. 2.14, correlations (not shown) calculated between amino-acid type 

(electrostatic, non-charged polar, and hydrophobic) and state occupancy revealed all 

correlations to be less than 0.38, with 14 of the 24 having correlations less than 0.10. 

 

 

 

 
Figure 2.14 
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Figure 2.14. Amino-Acid Type Dependence of AA-State Occupancy as a Function of 

Load. Simulation time (%) spent in non-α-helical amino-acid states for each 

of the 14 amino-acid types found in the helix’s central, 86-residue, section 

as a function of applied load level (for clarity, time spent in α states 

omitted). Percentages calculated for each amino acid type are average values 

over all instances of each amino acid within the analysis section over all 

data for each load, but presented as a per-amino acid basis. For simplicity, 

occupancies are calculated with state types (e.g., π) such that coarse anchors 

with different bond quantities (e.g., π12, π34) are summed.  

 

Table 2.6. Correlation of AA-State Occupancy with Load Level as a Function of Amino-

Acid Type. Pearson correlation coefficients of applied load with amino-acid 

state occupancies (Fig. 2.7). Composition of the 2fxmA helix’s central, 86-

residue, analysis section, grouped by amino acid type. For simplicity, 

correlations are calculated with state types (e.g., α) such that coarse anchors 

with different bond quantities (e.g., α1, α2, α3) are summed prior to 

correlation calculation. Positive correlations indicate an increase in state 

occupancy with load. Correlations are calculated between the AA-state 

occupancy percentage and load magnitude for each amino-acid type and 

state occupancy combination. AA-state occupancy calculated as the average 

over all instances of each residue type within the analysis section for all 

simulation time within each load level. Note that not all amino acid types 

are present in the studied helix. Residues absent from the interior analysis 

section of 2fxmA are Gly, Pro, Tyr, Phe, Trp and His. 

Quantity %
π,      

π/α

310, 

310/α
α none

90>Ψ>0, 

Ψ>90

Arg 5 6% -0.88 0.99 -1.00 1.00 0.98

Lys 12 14% -0.89 0.99 -0.91 0.91 1.00

Asp 6 7% -0.99 1.00 -0.99 0.98 0.99

Glu 19 22% -0.95 0.99 -0.94 1.00 0.99

Ser 2 2% -0.93 0.93 0.92 0.67 0.94

Thr 1 1% 1.00 1.00 -1.00 1.00 1.00

Asn 5 6% -0.64 0.99 -0.75 0.84 0.98

Gln 7 8% -0.65 0.99 -0.41 0.98 1.00

Cys 1 1% -0.50 0.98 -0.43 0.91 1.00

Ala 8 9% -0.61 1.00 -0.86 0.90 0.99

Ile 2 2% -0.48 0.87 0.18 0.94 0.89

Leu 12 14% -0.96 1.00 -0.79 0.95 1.00

Met 3 3% -0.94 0.85 -0.96 1.00 0.99

Val 3 3% -0.79 0.99 -0.86 0.91 1.00
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2.3.9 Results: Coarse Anchors: Amino-Acid State Occupancy with Helix Position 

The dependence of amino-acid state on residue position was calculated for each 

load to reveal any possible location dependence of unfolding. Average amino-acid state 

occupancy was calculated for each amino acid position in the interior analysis section; 

average over all simulation time for a given load level. For comparison purposes, the 

sequence of the analysis section is repeated and coded for amino acid type indicating a 

relatively even distribution of the three major amino acid types (electostatic, 

hydrophobic, and polar uncharged) along the helix length. 

In general, the amino-acid state occupancies versus residue number indicate no 

distinguishable dependence of amino-acid state on position along the helix for the 0pN 

and 10pN load magnitudes: the Pearson correlation coefficient of the non-α helical state 

population (corresponding to the total height of each state occupancy presented in Fig. 

2.15) with respect to residue number is -0.00 for 0pN and -0.11 for 10pN.  Interesting 

though, the amino-acid state occupancies of these lower load levels show a significant 

population of π-helical states, noted previously, distributed along the helix in a seemingly 

random fashion.  
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Figure 2.15. AA-State Occupancy Dependence on Helix Position as a Function of Load. 

Average amino-acid state occupancy versus residue number for the three 

load levels. Percentages are calculated with respect to all simulation time for 

a given load level at the residue position indicated. Pure α-helical states (α1, 

α2, and α3) are omitted for clarity. For simplicity, occupancies are 

calculated with state types (e.g., π) such that coarse anchors with different 

bond quantities (e.g., π12, π34) are summed. Sequence of the analysis 

section is repeated for comparison and highlighted to reflect amino acid 

type.  

 

In contrast, the Pearson correlation coefficient of non-α helical states with residue 

position is 0.80 for the 100pN case. Indeed, the 100pN-load-level state occupancies show 
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a marked unfolding tendency towards the C-terminal. As both the N- and C-terminals of 

the helix have a group of 18 residues that are loaded with equal, but opposite, forces, this 

C-terminal tendency cannot be solely attributed to their proximity to loaded residues. The 

analysis section of the sequence of near the C-terminal provides no clear explanation for 

the increase in unfolding in this region. That said, the tendency of the C-terminal to 

(un)fold first has been previously reported; in particular, it was observed 

computationally, for example, by 
187,188

.  

The relatively even distribution of amino acid type along the helix length—

particularly the lack of distinct groupings—and the resulting lack of correlation for state 

occupancy with residue position (with the exception of 100pN which has a proclivity to 

unfold from the C-terminal end) underscores the invariance of unfolding with amino acid 

type, as illustrated in Fig. 8. If amino acid type is a strong determinant of state occupancy 

then it would be expected that state occupancies would be non-normal at each position of 

the amino acid. In contrast, regions of high or low state occupancies appear along longer, 

multi-residue lengths of helix.   
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Table 2.7. Correlation of AA-State Occupancy with Residue Position. Pearson correlation 

coefficients for amino-acid state occupancy with residue position for all 

non-α helical AA-states and non-α + non-Ψ>90° AA-states for each load 

level. Correlation coefficients were calculated after summing the AA-state 

occupancies of each residue position across all simulation data for each load 

level. The non-α correlations indicate the extent of helix perturbation into 

non-α helical structures of any kind; the non-α + non-Ψ>90° correlations are 

included to reduce any influence of long-term unfolding on correlations. 

 

 

Table 2.8. Mean First Passage Times for Unfolding Initiation as a Function of Helix 

Position. Mean First Passage Times of helix unfolding initiation (between 

the α3:α2 and 90°>Ψ>0°:Ψ>90° Milestones for each load level) for three 

different reside (sub)sections within the helix’s analysis section. ‘Full 

Analysis Section’ results reflect all 86-interior residues. Results from the N- 

and C-terminal 10 residues within the analysis section are calculated using 

Kmn and    data from only these sections. In all cases, all simulation 

time within each load level was used. Note that the C-terminal MFPT for 

0pN is not applicable as none of these residues unfolded during the 

simulations. 

Non-α Helical 

State Occupancy

Non-α Helical + 

Non-Ψ>90 State 

Occupancy

0 0.00 0.02

10 -0.11 -0.16

100 0.80 0.71

Load 

Level     

(pN)

Pearson Correlation of AA-state 

Occupancy with Residue Position

Full Analysis 

Section

N-terminal 10 

Residues w/in 

Analysis Section

C-terminal 10 

Residues w/in 

Analysis Section

MFPT (ns) MFPT (ns) MFPT (ns)

0 4.2 4.6 n/a

10 5.2 5.8 5.5

100 2.4 2.9 2.0

Load (pN)
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Mean First Passage Times for the initiation of helix unfolding, which were 

calculated for three different residue (sub)sections within the helix, reveal a small 

dependence on residue location. We note that this location dependence is roughly 

independent of load, as the trend in MFPTs is essentially the same for each (sub)section. 

There is a roughly 0.5ns (or ~10-20%) difference in MFPTs for the 10-residue samples 

relative to the full analysis section for each load level. Moreover, the N-terminal 

unfolding times are longer than the full analysis section—for each load level. Meanwhile, 

the MFPT for the C-terminal shows a faster unfolding time for the 100pN load level, yet 

a slower one for the 10pN load level. In either case, the times, with respect to load level, 

follow the same non-monotonic trend in which the 10pN has the highest MFPT 

regardless of residue position. These results underscore the benefit of simulating a long 

helix in which any end-effects can be examined, as well as the concept of an “average” 

residue behavior tested. 

 

2.3.10 Results: Coarse Anchors: MFPT Dependence on Hydrogen Bond Definition 

MFPTs for each load level were calculated to determine the sensitivity of the 

findings to the precise definition of the hydrogen bond. Notably, changing either limit—

the N-O distance (from 0.35 to 0.40nm) or the NH-O angle (from 150° to 120°)—

resulted in a less than 2% difference in the calculated MFPT for any load level. While all 

MFPTs calculated with altered hydrogen bond limits were within 1% of the standard 

definition, we note that changing the NH-O angle limit resulted in a slightly greater 

change in MFPT for 10pN (0.74% v. 0.37%) and a slightly smaller change in MFPT with 

100pN (0.76% v. 1.14%).  
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Considering the extremely small difference in calculated MFPT, these results 

indicate that the reported unfolding initiation times are relatively insensitive to the precise 

hydrogen bond definition. Furthermore, as changes to the hydrogen bond limits are 

expected to change the relative population of various anchors as bonds ‘exist’ over a 

greater conformational space, the relative indifference of MFPT to hydrogen bond limits 

provides further support for the robustness of the MFPT calculation to anchor choice. 

This robustness is further evidenced by the comparison between MFPT calculated with 

coarse and fine anchor sets (see Table 2.9).  

We note that the difference in calculated MFPT with altered hydrogen bond limits 

(less than 2%) is much smaller than the difference with residue location (less than 20%) 

(see Table 2.7). This comparison illustrates the greater dependence of the MFPT 

calculation on the underlying simulation data, via different residue sets, than on the 

partitioning of the same data within different anchors. The importance of MFPT 

calculation on underlying simulation data underscores the value of the residue property 

averaging done here as individual residues are subjected to a variety of ‘boundary 

conditions’ based on the condition and type of neighboring residues. Results based on 

shorter helices in which end effects are expected to dominate may not be applicable to 

more constrained helices (and vice versa).  
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Table 2.9. MFPT Dependence on Hydrogen Bond Definition. Mean First Passage Time 

(MFPT) of the initiation of helix unfolding from the α3:α2 Milestone to the 

absorbing 90°>Ψ>0°:Ψ>90° Milestone using data from the coarse anchor 

system. The geometrical limits on hydrogen bond existence used throughout 

the current work are based on two criteria: N-O distance < 0.35nm and HN-

O angle >150°. These results--in which each of these two criteria are 

independently changed--represent a test on the sensitivity of the MFPT 

calculation. Quantities used in the calculation of MFPT are based on all 

simulation data within each load level according to the listed hydrogen bond 

criteria. 

 

2.3.11 Results: Fine Anchors: Ψ Angle Distribution v. Fine Anchor 

In order to determine the relative rotational flexibilities of residues within each 

fine anchor, potentials of mean force (PMF) are calculated across all residues in the 

helix's interior over all simulation time within a given load (60ns). These residue 

rotational flexibilities indicate (i) the rotational constraints placed on the residue by the 

existing hydrogen bonds, and perhaps more subtly (ii) the criticality of the specific 

hydrogen bonds surrounding a given residue. The relative ability to explore positive 

dihedral angles Ψ for each fine anchor illustrates the pattern's propensity to unfold given 

its set of hydrogen bonds. Comparisons across patterns illustrate the criticality of certain 

hydrogen bonds to constraining dihedral angle Ψ rotation. 

 

Hbond Limits:  

Distance = 0.35nm         

Angle = 150°

Hbond Limits:  

Distance = 0.40nm     

Angle = 150°

Hbond Limits:  

Distance = 0.35nm     

Angle = 120°

MFPT (ns) MFPT (ns) MFPT (ns)

0 4.43 4.42 4.45

10 5.40 5.42 5.44

100 2.63 2.66 2.65

Load (pN)
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Figure 2.16. Hydrogen-Bond Patterns with Marked Ψ>0° Flexibility. Four patterns had 

marked positive dihedral angle Ψ distributions: pattern 9 (10001), 4 (00001), 

3 (10000), and 1 (00000). They represent permutations of the intact C4- and 

C bond pair; these two hydrogen bonds are those formed by—and thus not 

spanning—the residue of interest (orange). Notably, no pattern with a 

hydrogen bond spanning the residue has a noticeable positive dihedral angle 

Ψ distribution. Further, we note that these two bonds are thus not included 

in the coarse anchors or AA-states. 

Comparisons across load levels reveal similarities in residue rotational 

flexibilities that are independent of load magnitude. For all load levels, positive dihedral 

angle Ψ rotation beyond 0° is possible in only four of the 32 distinct permutations of the 

5 residue-specific hydrogen bonds, namely patterns 9 (C4- and C hydrogen bonds), 4 (C 

hydrogen bond), 3 (C4- hydrogen bond) and 1 (no hydrogen bonds). Notably, the 

1

3

4

Pattern Ψ < 0 Ψ > 0 

9
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dihedral angle Ψ rotations of all remaining patterns are restricted to negative values. 

Given that these four patterns show flexibility in the dihedral angle Ψ with these bonds 

existing, it is not necessary to break these hydrogen bonds in order to rotate the dihedral 

angle Ψ to initiate unfolding. Furthermore, of the four patterns demonstrating dihedral 

angle Ψ flexibility, the fine anchor in which only the C bond exists (fine anchor 4) shows 

a lower population—and therefore higher energy—in the Ψ>0 range than the C4- 

hydrogen bond fine anchor 3, thereby indicating that the C4- hydrogen bond is a stronger 

constraint on the residue flexibility than the C hydrogen bond. These observations 

indicate that at least three of the five local hydrogen bonds (all except the C4- and C- 

hydrogen bonds) break prior to dihedral angle Ψ rotation, providing support for the 

choice of coarse anchors in which the bonds spanning a residue in helical conformation 

(the C3-, C2-, and C1- hydrogen bonds in the fine anchors) define the presence of the α-

helical state. 

In addition to observations of the most flexible states, it is clear from the PMFs 

within each load level that fine anchor population and flexibility are dependent not only 

on the quantity of existing bonds, but also highly dependent on the precise combination 

of bonds. While the 5- and 4-hydrogen bond patterns (32, and 27-31, respectively) show 

negligible difference in either free-energy-well depth or flexibility, the patterns within the 

3-, 2-, and 1-hydrogen bond groups (patterns 17-26, 7-16, and 2-6, respectively) have 

clear and important differences. It is instructive to compare, for instance, both the well 

depth and spread for fine anchor 23 (C2-, C4-, and C3- hydrogen bonds) with that of fine 

anchor 24 (C2-, C-, and C3- hydrogen bonds). While both patterns have three hydrogen 

bonds existing, their properties—including both the spread and depth of their respective 

distributions—are markedly different. These differences may indicate that either these 
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patterns do not appear with great frequency or, when they do appear, they quickly 

transition to another fine anchor through either hydrogen bond formation or failure.  

Load dependencies are most obvious in the population of individual patterns as 

represented by the depth of the energy well. In particular, it is clear that the 100pN load 

causes a higher rate of unfolding since the flexible patterns (1, 3, 4, and 9) have deeper 

energy wells in both the positive and negative Ψ regions relative to both lower load 

levels. In comparison, the 10pN PMFs have remarkably shallow energy wells in these 

flexible patterns even in comparison to the 0pN load level, indicating that unfolding 

occurs less frequently at this intermediate load level.  

While the depths of the various lower hydrogen-bond quantity states are 

noticeably different between loads, pattern flexibilities are remarkably similar across load 

levels. Given these similarities in flexibility, it appears that applied loads are more likely 

to affect the transitions between patterns rather than the properties of the patterns 

themselves. Load’s effect on pattern transitions is in contrast to the picture of the coarse 

anchors in which the flexibility of AA-states was partially dependent on load magnitude 

(see Fig. 2.8). This difference between coarse and fine anchors may be a function of the 

choice of fine anchors as permutations of the purely α-helical states only.  
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Figure 2.17 
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Figure 2.17. Hydrogen-Bond Pattern Dihedral Angle Ψ Potentials of Mean Force as a 

Function of Load. Potentials of mean force (PMF) of the dihedral angle Ψ 

for the 32 hydrogen-bond patterns as a function of load. Hydrogen bonds 

associated with a given α-helical residue are used to determine an 

instantaneous fine anchor associated with the permutation of existing bonds. 

In addition to three spanning the residue, these hydrogen bonds include two 

bound to the residue’s amide and carbonyl groups. The dihedral angle Ψ 

distribution for each fine anchor within a load is calculated across all 90 

interior residues of the helix and normalized with respect to total simulation 

time for that load. The PMF is calculated via Boltzmann inversion of the 

distribution for each fine anchor:        ln ( )HBond Pattern HBond PatternE p   . 

Simulations were run at 310K, energy is in units of kBT.  

 

2.3.12 Results: Fine Anchors: Net Flux Networks 

Graphs of net flux, i.e., flux networks, between the fine anchors illustrate the 

density of connections between individual patterns of the purely α-helical system (Fig. 

2.18). Reaction pathway calculations through these flux networks, via the MaxFlux 

algorithm, are presented in Fig. 2.19. As with the coarse anchor system, large net fluxes 

indicate a likely connection along an unfolding pathway. The graphical depiction of 

reaction pathways of unfolding through the α-helical, fine anchor system indicates the 

highly parallel nature of unfolding pathways. While certain pathways may be 

emphasized, as we do in the MaxFlux analysis, it is apparent that unfolding can occur in 

many different ways at each load level. The highly random, parallel nature of the 

unfolding pathways underscore the need for a comprehensive kinetic theory accounting 

for reaction pathway redundancy; again, the Milestoning theory provides an ideal tool for 

analyzing such systems. 
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Figure 2.18 
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Figure 2.18. Flux Networks Through Fine Anchors as a Function of Load. Graphs of net 

flux between the different fine anchors of the α-helical system, in which fine 

anchors are defined by all the possible permutations of the five rotationally-

constraining hydrogen bonds and Ψ-angle magnitude, as a function of 

applied axial load. Only net fluxes between fine anchors with two or fewer 

existing bonds are shown, fluxes involving patterns with greater numbers of 

bonds are omitted for clarity. Patterns, with dihedral angle Ψ distributions 

demonstrating positive angles, are further divided into two groups to 

distinguish the severity of rotation. The patterns with a '+' or '++' 

designation have dihedral angle Ψ between 0° and 90° and greater than 90°, 

respectively. The size of the anchor circle corresponds to the total flux into a 

fine anchor. The width of connections between fine anchors corresponds to 

the magnitude of net flux, while the arrows indicate direction of that net 

flux. Net flux between two states i and j is calculated as 
ij ij jiq q q   ; 

arrows represent the direction of positive flux such that a negative value for 

ijq  is represented as an arrow from j to i. Net fluxes are calculated using all 

simulation time within each load level. (Net fluxes to the π- and 310-helical 

anchors are omitted for clarity.)   

 

While the nearly equally weighted density of the net flux graphs reveals the 

parallel nature of unfolding, certain pathways experience noticeably higher traffic at the 

highest load level, 100pN. As evidenced by the absence of thick, directed connections 

between anchors, both the 0pN and 10pN graphs are devoid of obvious and specific 

unfolding pathways. Conversely, the 100pN graph indicates at least one major unfolding 

pathway sequentially connecting patterns 11000, 10000, 00000, 00000+, and 00000++; 

indeed, this pathway is the first calculated MaxFlux channel (see §2.3.2.3 and Fig. 2.19). 

This pathway (preceded by failure of the C2-, C-, and C hydrogen bonds) involves first 

breaking the C3- hydrogen bond, then the C4- hydrogen bond, then a rotation of the 

dihedral angle Ψ from negative to positive and eventually past 90°. While there are many 

additional pathways with less net flux, this particular reaction pathway demonstrates the 

sequential nature of helix unfolding, in which individual hydrogen bonds fail prior to 
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dihedral angle Ψ rotation. Critically, this particular pathway is associated with helix 

unfolding from the C-terminal and in isolated helices loaded through their backbone via 

connections to other secondary structures. Interestingly, the equivalent N-terminal 

unfolding pathway (00011, 00001, 00000, 00000+, 00000++) also appears with an 

elevated net flux relative to other pathways; the principle difference being that, unlike the 

C-terminal pathway, there is a low net flux between the one-hydrogen bond and zero-

hydrogen bond states. 

In addition to identifiable, sequential patterns of unfolding, the connectivity of the 

positive dihedral angle Ψ, fine anchors illustrate an additional role for load magnitude in 

determining the unfolding pathway. In particular, the 0pN and 100pN load levels 

demonstrate an elevated ability to rotate the dihedral angle Ψ to positive values prior to 

bond breaking; this is in marked contrast with the paucity of connections to the ‘+’ and 

‘++’ anchors on the 10pN graphs. Additionally, the 100pN load shows higher net fluxes 

to both these ‘+’ and ‘++’ anchors with hydrogen bonds, as well as between the ‘+’ and 

‘++’ anchors since hydrogen bonds are broken while the dihedral angle Ψ is rotated. 

Thus, the unfolding pathway to a no-hydrogen bond, Ψ>90° state (00000++) at higher 

loads (100pN) can proceed two ways: either via breaking of all hydrogen bonds, followed 

by a dihedral angle Ψ rotation or a dihedral angle Ψ rotation, followed by failure of the 

last existing hydrogen bonds.  

 

2.3.13 Results: Fine Anchors: MaxFlux Pathways 

Calculated MaxFlux pathways indicate the sequential nature of the initiation of 

helix unfolding as a process in which individual--or sometimes pairs of--bonds break in 

multiple steps prior to a psi angle rotation. Additionally, while α-helical bonds may break 
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during the unfolding process, there are also occurrences in which bond reformation 

occurs. One such pathway is the top MaxFlux pathway for 10pN in which the first four 

states are 11111, 11100, 11101, and 11110 (numbering convention is from C4- to C). 

While the first transition involves breaking the ‘C-’ and ‘C’ hydrogen bonds, the second 

transition is the creation of the ‘C’ bond. What is clear from each of the trajectories, 

however, is that helix unfolding does not proceed with one or two large transitions. 

Differences between MaxFlux reaction pathways through the fine anchor system 

calculated for the three load levels reveal clear load magnitude dependence. The 

unloaded, 0pN MaxFlux pathways show the formation of the 310-helical state as an 

intermediate prior to unfolding in each of the three calculated pathways. Interestingly, 

one of the 0pN MaxFlux pathways transitions from the 310-helical (310) to α-helical 

(00011) to π-helical (pi), prior to an initial rotation of the dihedral angle Ψ. This pathway 

volatility in which hydrogen bonds of different helical character are formed—and 

broken—within a single pathway prior to unfolding underscores the variability of the 

unloaded, unfolding mechanism.  

Additionally, the 0pN MaxFlux pathways demonstrate that rotation of the 

dihedral angle Ψ can occur prior to breaking of each of the five α-helical, hydrogen bonds 

evaluated in the fine anchor system. This property is seen in the pathways visiting the 

10000+ and 00001 states as the penultimate state prior to unfolding. Interestingly, the 

third MaxFlux pathway follows a more predictable route in which all five α-helical 

hydrogen bonds are broken prior to full dihedral angle Ψ rotation. Thus, unfolding can 

occur via multiple different mechanisms, even within the same load (or unloaded) 

conditions. 

The 'transition state' of the MaxFlux pathway is defined as the pathway edge 

having the smallest net flux. Eliminating this edge from consideration allows the 
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calculation of successive pathways of lower net flux across each respective 'transition 

state'. For each of the three MaxFlux pathways at 0pN, this 'transition state' was the 

second-to-last transition. We note that, due to the focus on the initiation of unfolding, 

there was no consideration of a 'return' flux from the final state and thus the total flux into 

the final state is equal to the net flux. For the 0pN scenario, these pathway edges were: (i) 

310 to 00000 (net flux of 34), (ii) 00011 to 00001 (net flux of 27) and (iii) π to 10000+ 

(net flux of 16). While these net fluxes were on the order of tens of transitions, the total 

fluxes for these states were on the order of hundreds of transitions, indicating that the 

data represents a well-sampled system. 
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Figure 2.19 
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Figure 2.19. MaxFlux Pathways Through Fine Anchors. MaxFlux pathways through the 

fine anchor system from the native α-helical state with five existing 

hydrogen bonds (11111) to the initial, unfolded state with a Ψ dihedral angle 

greater than 90° (00000++). Three MaxFlux pathways with greatest flux are 

shown for each load level: the red arrows indicate the top MaxFlux pathway. 

The patterns with a '+' or '++' designation have Ψ angles between 0° and 90° 

and greater than 90°, respectively. The width of connections between fine 

anchors corresponds to the magnitude of net flux, while the arrows indicate 

direction of that net flux. Net flux between two states i and j is calculated as 

ij ij jiq q q   , except for fluxes involving the 'product' state (00000++) in 

which the net flux is set as the incoming flux consistent with a study of the 

initiation—and not propagation—of unfolding. 

 

Consistent with previous observations, the 10pN MaxFlux pathways show a 

proclivity to visit the π-helical (pi) state as an intermediate to unfolding in one of the 

pathways. However, while previous results with the coarse anchor system indicate that π-

helical states in the 10pN load scenario have a relatively high AA-state occupancy, only 

one—albeit the highest flux—of the top three MaxFlux pathways visit this state. Thus, 

these π-helical visits are not required for unfolding, but rather represent a possible 

mechanism.  

Lastly, the 100pN MaxFlux pathways visit the 310-helical state as an intermediate 

in the two highest flux pathways. Interestingly, these 310-helical visits do not lead directly 

to an unfolded state but rather each of these two pathways return to a purely α-helical 

state prior to unfolding. Thus, the final transitions to unfolding for the MaxFlux pathways 

of the 100pN simulations do not require transitions through non-α helical intermediate 

states. Additionally, the three MaxFlux pathways of the 100pN simulations pass through 

α-helical states representing either the N- (11000) or C-terminal (00011) structures. The 

highest flux pathway is through the N-terminal state and has a transition state net flux of 

90 transitions between the 10000 and 00000 states. The second and third highest flux 
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pathways go through the C-terminal state and have a transition state net flux of 84 and 

75, respectively, both pathways passing between the 00011 and 00001 states. 

 

 

Figure 2.20. Net Fluxes of Transition Edges for Top 10 MaxFlux Pathways. Net fluxes 

for the transition edges (defined as the pathway edge with smallest net flux) 

of the ten largest MaxFlux pathways. Net fluxes are normalized by total 

simulation time and thus presented on a per nanosecond basis. Successive, 

multiple pathways for each load are calculated by eliminating the transition 

edge from the previous pathway. All simulation time for each load is used in 

the calculation of net fluxes. Note the relatively slow decay of the flux 

carried by the different MaxFlux pathways. This result underlines the large 

number of channels contributing to the total flux. 

 

The magnitude of the transition edge fluxes for each load level indicate that, while 

the 100pN load dramatically accelerates unfolding relative to 0pN, the 10pN transition 

fluxes are roughly equal to the 0pN values. We note that these transition edge fluxes 

represent kinetics through specific, individual unfolding pathways. This single-pathway 

representation of kinetics is in contrast to the concept of the MFPT, which incorporates 

not only parallel mechanisms but also behaviors such as hydrogen bond reformation that 

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

1 2 3 4 5 6 7 8 9 10

N
e

t 
F

lu
x

 (
p

e
r 

n
s

)

MaxFlux Pathway

MaxFlux Pathway Transition Edge Fluxes

0pN

10pN

100pN



 98 

can serve to slow overall processes. While the transition edge fluxes for 0pN and 10pN 

are roughly equal, the calculated MFPT values indicate that the 10pN unfolding is a 

slower process than the 0pN by roughly 20%. This difference in the effect of load on 

kinetics between the two metrics demonstrates that the 10pN simulations are slowed not 

by the rates of unfolding transitions but rather by a tendency to be diverted from the 

unfolding pathway, as supported by the differences in exit probabilities seen in Fig. 2.10. 

Net fluxes through the transition edge of the 10 largest MaxFlux pathways for each load 

level indicate that the dominant pathway has a 2x or greater transition flux than all but the 

five highest fluxes (Fig. 2.20). The drop-off in transition edge flux with successive 

pathways provides an indication of the relative dominance of the top MaxFlux channels. 

However, despite the presence of these dominant pathways, the plateau in transition edge 

fluxes demonstrates the “parallelness” of the unfolding mechanism and further 

underscores the value of a theoretical approach, such as Milestoning, that calculates 

kinetics over multiply connected, parallel pathways. 
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Figure 2.21 
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Figure 2.21. MaxFlux Energy Landscapes and Schematic Trajectory. [Left] Ψ angle 

energy landscape of each pattern in a vertical progression defining the top 

MaxFlux pathway for each load level (Fig. 2.19). Dots roughly define the 

average position of the fine anchor of each step within the pattern landscape; 

note that some fine anchors (such as 00000 and 00000++) share a pattern 

(00000) and thus the energy landscape may be repeated. The dihedral angle 

Ψ distribution for each pattern along the pathway is calculated across all 90 

interior residues of the helix and normalized with respect to total simulation 

time for that load. The PMF is calculated via Boltzmann inversion of the 

distribution for each fine anchor:       ln ( )HBond Pattern HBond PatternE p   . 

Simulations were run at 310K, energy is in units of kBT. [Right] Alternative 

perspective of pathway energy landscapes (which are shown on the left), 

illustrating the depth of the energy wells of each pattern.  
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2.3.14 Results: Fine Anchors: Hydrogen Bond Energy Landscapes 

 
 

Figure 2.22 
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Figure 2.22. Fine Anchor, Hydrogen-Bond Energy Landscapes. [Top] The 11000 fine 

anchor showing the existing C4- (blue) and C3- (red) hydrogen bonds. 

[Middle] Hydrogen-bond angle versus distance energy landscape for the 

bonds of the 11000 fine anchor (C4- and C3- hydrogen bonds). Two-

dimensional energy landscapes are generated via Boltzmann inversion of a 

two-dimensional probability density for each hydrogen bond:  

   , ln ( , )HBond HBondE d p d   . Underlying probability density is 

normalized to the total time spent in the 11000 anchor during all 0pN 

simulations, regardless of dihedral angle Ψ. Simulations were run at 310K, 

energy is in units of kBT. [Bottom] One-dimensional potentials of mean 

force (PMF) along the hydrogen bond distance coordinate for the C3- bond 

at two sample angles (Left: 20°, Right: 8°) in order to demonstrate the effect 

of load on shifting the local energy minima and the tilting of the energy 

landscape. PMFs are slices of the two-dimensional energy landscape. 

Probability distribution calculated over all instances of the 11000 anchor 

during the full simulation time within each load. 

 

The energy landscape for the angle and distance of the two hydrogen bonds 

forming the 11000 fine anchor are calculated to better understand a specific unfolding 

pathway through the fine anchor system (identified in the 100pN fine anchor net flux 

graph) and the role of load in accelerating this pathway. Net flux calculations identified 

the 11000, 10000, 00000, 00000+, and 00000++ fine anchor pathway (corresponding to a 

sequential failure of the C3- then C2- hydrogen bonds prior to dihedral angle Ψ rotation) 

as a major coordinate of unfolding at the highest load level. Notably, this pathway was 

heavily favored over the 11000, 01000, 00000, 00000+, 00000++ pathway in which the 

C4- hydrogen bond breaks before the C3- hydrogen bond. 

Comparisons of the two-dimensional energy landscapes of the C4- and C3- 

hydrogen bonds in the 11000 fine anchor reveals a shifting of the population density 

towards longer distances in the C3- hydrogen bond. Given the classical limit of 0.35nm 

for hydrogen bond distance, this shift of the C3- landscape confirms the observation that 
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this bond is more likely than not to break on the way to unfolding. This explanation for 

the observed pathway specificity suggests a role for protein structure in determining 

unfolding behavior. Specifically, the hydrogen bond topology—and not simply the 

quantity of bonds—constraining a system's rotational flexibility (here the dihedral angle 

Ψ) can be pivotal in determining the pathway of unfolding. 

The load dependence of hydrogen bond distance supports the well-established, 

Bell-model-like notion that applied loads ‘tilt’ underlying energy landscapes in the 

direction of load application, which, in the current pattern, is roughly in the direction of 

the hydrogen-bond distance. In particular, the hydrogen bond PMFs illustrate that the 

10pN load has a negligible effect on the hydrogen bond characteristics as compared to the 

unloaded (0pN) case. This is manifested in the net flux unfolding pathways in which the 

net fluxes between the 11000 and 10000 anchors are roughly equal for the 0pN and 10pN 

loading cases. In marked contrast, the higher load magnitude produces a noticeable shift 

in hydrogen bond distribution, moving both the energy minima and decreasing the energy 

barrier to unfolding by roughly 0.5 kBT relative to that of the lower loads. This effect is 

noticeably present in the reaction pathway graphs in which the net flux between the 

11000 and 10000 anchors is markedly higher for 100pN than it is for either of the lower 

load levels. Thus, the hydrogen bond energy landscapes illustrate a role for large loads 

(100pN) in affecting energy landscapes—and therefore stability—of individual hydrogen 

bonds. 
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2.3.15 Results: Fine Anchors: Mean First Passage Time of Unfolding Initiation 

 

Figure 2.23. Mean First Passage Time from 5/4 Hydrogen Bond Milestones to 

90°>Ψ>0°:Ψ>90° Milestone as a Function of Load. Mean first passage time 

(MFPT) of unfolding from the initial Milestones formed between pattern 32 

(having 5 hydrogen bonds) and patterns 27, 28, 29, 30, and 31 (having 4 

hydrogen bonds) to the final Milestone between anchors 1+ and 1++. Data 

presented is the average of MFPTs from the five Milestones between the 5- 

and 4-hydrogen bond fine anchors. Quantities used in the calculation of 

MFPT are based on all simulation data within each load level. 

 

The mean first passage time (MFPT) for the unfolding process through the fine 

anchor system illustrates both the flexibility of Milestone choices, as well as the role of 

load in the unfolding process. Calculated MFPTs for full unfolding for the fine anchor set 

are 4.32ns (0pN), 5.18ns (10pN), and 2.45ns (100pN).  Presented data is the average 

MFPTs initiating at the five Milestones between fine anchors with 5- and 4-hydrogen 

bonds; the standard deviations of MFPT for these five different initiation Milestones is 

<0.1% for each load level. The (extremely) close comparison between the MFPT 

calculated using the coarse and fine anchor sets demonstrates that Milestoning 

calculations can be performed with a variety of anchor definitions, yet still yield 
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consistent estimates for process kinetics: the differences in unfolding times between the 

two anchor sets is less than 3% for each load level.  

 

 

Table 2.10. Mean First Passage Times for Coarse and Fine Anchors. Calculated Mean 

First Passage Times from the fully α-helical state to the unfolded Ψ>90° 

state for each of the two levels of coarse-graining (coarse and fine anchors) 

as well as the percent difference between two values for each load level. The 

initiation Milestone of the coarse anchors was α3:α2 and termination 

Milestone was 90°>Ψ>0°:Ψ>90°. Given the higher resolution of the fine 

anchors, there are five initiation Milestones corresponding to the fully α-

helical state. These Milestones are formed by the interface between patterns 

27, 28, 29, 30, and 31 (the four-hydrogen bond states) and pattern 32 (the 

five-hydrogen bond state). The average of the MFPT calculated for each of 

these five initiation Milestones is presented; the standard deviation of these 

five MFPTs was less than 1ps. 

 

It is important to note that the fine anchor set included anchors incorporating only 

the permutations of the specific α-helical hydrogen bonds surrounding a residue, and thus 

did not explicitly include π- or 310-helical bond permutations. In lieu of explicitly 

including all of these non-α helical patterns in the fine anchor set, two broad anchors 

incorporating all bond permutations within these coarse secondary structures are defined: 

one for any residue with a π-helical bond and another for any residue with a 310-helical 

bond. Therefore, the noted tendency of the 10pN load level to create π-helical structures 

0 4.3 4.3 0%

10 5.4 5.2 4%

100 2.6 2.5 7%

Percent 

DifferenceCoarse 

Anchors 

(n=1)

Mean First Passage 

Time (ns)Load 

Level 

(pN)
Fine 

Anchors 

(n=5)



 106 

is implicitly included via these additional anchors. Indeed, the fine anchor set MFPT 

shows the same ‘kinetic turnover’ as the coarse anchor set in which the 10pN unfolding 

process is slower than either the 0pN or 100pN. 
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2.4 DISCUSSION 

2.4.1 Discussion: Unfolding Initiation Summary 

Detailed analysis of the CFMD trajectories of the long, heterogeneous-sequence, 

α-helix—stretched by constant (0, 10, 100pN) axial force—yields some interesting, 

perhaps even surprising, results regarding the early events of unfolding and how they are 

affected, if at all, by applied load level and amino-acid type and location. 

Initiation of unfolding must follow a sequence of hydrogen bond dissociation or 

flips to other types of hydrogen bonds. Unfolding requires that “primed unfolding 

vulnerabilities” (states with zero or at most one intact hydrogen bond spanning the 

residue) meet “chance structural disturbances” (transient fluctuations/rotations in the 

adjacent residues sufficiently large to positively rotate the residue’s dihedral angle). That 

said, “primed unfolding vulnerabilities” far outweigh “chance structural disturbances” 

due to the two orders of magnitude difference in the respective times scales for hydrogen 

bond loss/formation and backbone structural fluctuations. 

Equally interesting, the CFMD results reveal that the early events in unfolding are 

driven—not by hydrogen bond breakage—but instead by hydrogen-bond reformation, 

often to “non-native” binding partners, into non-α-helical, intermediate structures having 

populations and lifetimes that are (in some cases, strongly) influenced by the applied load 

level: 0pN, both 310 and π helices; 10pN, primarily persistent π helices; 100 pN, most 

often transient 310 helices. Moreover, these intermediate structures and their hybrids form 

a highly connected, frequently visited, state network, resulting in a highly diffusive 

unfolding initiation process.  

Milestoning analysis on flux networks demonstrates that hydrogen-bond 

reformation to “non-native” binding partners affect both the load-influenced unfolding 

pathways, as well as their corresponding Mean First Passage Times. Remarkably, a 
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modest stretching load (10pN) actually forestalls the initiation of unfolding—relative to 

the 0pN and 100pN loads—due to hydrogen-bond reformation into relatively long-lived, 

π helices. The unfolding pathway and MFPT predictions are demonstrably robust in that 

they are invariant to anchor choice, amino acid type and location along the helix, as well 

as the specific hydrogen bond definition. 

 

2.4.2 Discussion: Unfolding Kinetics 

Rate calculations performed via Milestoning reveal a Mean First Passage Time 

(MFPT) on the order of 2-5ns for the initiation of unfolding, depending on load 

magnitude (Table 2.9). Our MFPTs compare favorably to published MFPTs of the 

elementary step of unfolding from a different helical system (21-residue blocked alanine 

peptide) acquired via Milestoning and experiment
11,189

, which are on the order of 0.5 - 

9ns
11,17

. These timescales for unfolding are also comparable to computationally-derived 

helical pentapeptide folding times of 0.2 - 7.2ns
11,20

. Interestingly, these kinetic results 

are from other, much smaller helical systems (5 or 21 residues) than the 2fxmA helix 

studied here (126 total residues).  

We note that, to our knowledge, this is the first time that the fundamental 

mechanism—including kinetics—of the initiation of helical unfolding of a long, 

heterogeneous helix under external loads has been studied at the resolution of individual 

hydrogen bonds. Interestingly, despite the size difference in studied systems, i.e., 5, 21 

and 126 residues, the marked similarity in results, bridging very different helical systems, 

bolsters our confidence that the reported mechanism is fundamental to the process of 

helical unfolding. This is in spite of the fact that residues within these smaller helical 

systems are subject to considerable end-effects, due to the capacity of the unconstrained 
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peptides to explore far greater conformational space than is available for residues within 

the interior of a much longer helix.  

While the current investigation focuses only on the initiation of helix unfolding, it 

is possible that the effects of the additional conformational-space constraints are felt most 

prominently in the propagation of an initial unfolding event in such a way that they are 

responsible for keeping the initial 'crack' vibrating within a narrow conformational space, 

allowing the reformation of bonds and subsequent 'healing' of the crack. Indeed, the 

similarity between unfolding initiation times of 0pN (4.3ns) and 100pN (2.5ns) is in 

marked contrast to (i) qualitative observations from the AA-state trajectories (Fig. 2.6), 

(ii) populations of unfolded AA-states (0pN: <0.5%, 100pN: >7%; Fig. 2.7), and (iii) 

final transition probabilities (90°>Ψ>0° → Ψ>90°; 0pN: 22%, 100pN: 76%; Fig. 2.10). 

Taken together, these suggest that the propagation of unfolding requires a step beyond 

simple initiation. The relative paucity of propagation under 0pN and 10pN load may 

speak to the dominance of these constraining effects in the absence of relatively large 

(100pN) applied loads. This reliance on propagation for full unfolding has potential 

implications in the development of α-helical 'strength' models. 

Our estimates of the MFPT of the initiation of unfolding suggest that, in order to 

experimentally characterize the mechanical properties of an α-helix (with all its hydrogen 

bonds nominally intact), one need apply a quasi-steady load (≤100pN) and perform 

observations on timescales significantly shorter than ~2-5ns. For experiments performed 

outside these parameters, our results suggest a strong likelihood that the observations are 

dominated by the rotation of the Ψ dihedral angle and thus the propagation of unfolding. 

While not the focus of this paper, this study has yielded data to suggest that the behavior 

of hydrogen bonds during unfolding propagation is different than that prior to (and 

during) unfolding initiation. 
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2.4.3 Discussion: Degree of Coarse Graining 

While calculated MFPTs agree with computational
11,17,20

 and experimental
11,20

 

results of other helical systems, the calculated MFPTs of unfolding initiation, further, are 

independent of the choice of coarse grain anchor system (Table 2.9). This agreement 

between calculated MFPTs provides evidence of the accuracy of the Milestoning 

approach in capturing simulation data. Moreover, the current analysis approach, in which 

coarse graining levels are applied a posteriori, enables elucidation of a number of 

different scale-dependent observations—notably the full enumeration of possible AA-

states. Using the full set of viable AA-states that define the anchor system, analysis of the 

simulation data determined properties of the AA-states (e.g., Fig. 2.7, Fig. 2.8, Fig. 2.14, 

and Fig. 2.15) as well as identified—in a tractable manner—information about specific 

transitions between AA-states (Fig. 2.9, Fig. 2.10, and Fig. 2.11), particularly for non-α 

helical structures. On the other hand, the fine anchors identify individual hydrogen bonds 

constraining the Ψ dihedral angle (Fig. 2.17), as well as pathways through coarse anchors 

(Fig. 2.18, Fig. 2.19, and Fig. 2.20) that together can be used to explore the effects of 

applied loads on the behavior of these individual bonds (Fig. 2.22). Thus, while both 

coarse and fine anchor sets provide similar observations of overall behavior (i.e., MFPT), 

the use of Milestoning a posteriori permits targeted analysis of specific phenomena and 

scale-dependent observations. 

In order to make these scale-dependent observations, the Milestoning analysis 

methodology applied here does not evaluate the kinetics through a set of pre-defined 

structures along a reaction channel. Prior implementations of both Milestoning and 

similar kinetic rate-calculation methodologies have relied on finding a reaction pathway 
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between product and reactant states, identifying anchors along this pathway via geometric 

clustering using a single scalar, such as fraction of native contacts, and finally running a 

large quantity of simulations between each of these Milestones
17,20,176

. In contrast, this 

work prescribes anchors a posteriori—and therefore Milestones—as the possible states of 

the system in terms of hydrogen bond states and backbone dihedral angle. This is viable 

within the residue-level, helical system considered here due to the relatively easily 

identifiable anchors available and our restricted study of only early events of unfolding. 

Furthermore, the use of CFMD limits complications associated with the rate dependence 

of the mechanical response of proteins and permits a quasi steady-state picture of helix 

unfolding initiation at different load magnitudes. 

 

2.4.4 Discussion: Mechanism Timescales 

The capacity of the current analysis tools to identify and track individual 

hydrogen bond activity enables the revelation of two distinct timescales of α-helical 

unfolding initiation: (i) a fast, hydrogen bond transition timescale (5-10ps; Fig. 2.11) and 

(ii) a considerably slower MFPT associated with full Ψ dihedral rotation (2-5ns). Fast 

timescales of hydrogen-bond formation and breaking has been previously noted in 

simulations of pentapeptides
11,190

 with values consistent to those reported here (≤15ps). 

Thus, our observations match simulations at both—hydrogen bond breakage/reformation 

and full Ψ dihedral rotation—timescales. Together these strongly suggest that hydrogen 

bond failure is not a good measure for helix unfolding, a role better suited to Ψ dihedral 

rotation. Indeed, the difference in reported timescales between hydrogen bond failure and 

the initiation of unfolding emphasizes the role of hydrogen bond reformation. AA-state 

exit probabilities (Fig. 2.10) illustrate the strong preference of intermediate states with 
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free carbonyl / amide groups to reform bonds rather than break existing bonds, likely due 

to the fact these free hydrogen bond donors / acceptors remain in the bonding vicinity of 

possible partners until Ψ dihedral rotation. Therefore, it is likely that this difference in 

timescales plays a key role in any robustness of the unfolding mechanism conferred from 

bond reformation. 

 

2.4.5 Discussion: Mechanism Load Dependence 

Taken together, the use of CFMD and the ability to use a natural basis for anchor 

definitions permit direct observation, for the first time, of a load dependence of unfolding 

mechanism in which hydrogen bond reformation plays a critical role. While the largest 

load level studied (100pN) has an unfolding process that rarely visits diversionary states 

such as the π-helical states, the low load (10pN) has a demonstrated proclivity to form 

persistent, π-helical structures (Fig. 2.6). Exit probabilities indicate that these 

diversionary states form as a result of 'incorrect' bond reformation, such that systems with 

available amide and/or carbonyl groups have a greater tendency to form π-helical bonds 

under 10pN than 100pN (Fig. 2.10). In contrast, if the larger load level visits non-α 

helical states, they are overwhelmingly the 310 states that are natural intermediates to 

unfolding. Thus, while differences in mechanism timescales indicate that all load levels 

have a tendency to reform bonds, the specific type of helical bond formed (π, α, or 310) is 

a key determinant of the specific unfolding mechanism. The Ψ-angle energy landscapes 

for each state demonstrate that the π-helical states, which are more likely with 10pN, 

have a more negative Ψ angle distribution than do the 310 states (Fig. 2.8). Thus, while 

both 10pN and 100pN simulations have a tendency to re-form bonds and visit non-α 
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helical states, the 10pN visits a conformation that is not an unfolding intermediate, in fact 

that actually opposes unfolding due to an external pulling force. 

Finally, fine-anchor system’s calculated MaxFlux pathways (Fig. 2.19 and Fig. 

2.21), as well as the magnitude of net flux of the transition edge of the top 10 pathways 

(Fig. 2.20), indicate that the basic process of unfolding is largely the same for each load 

level: sequential failure of α-helical bonds, followed by a final Ψ-angle rotation when in a 

primed unfolding vulnerable state. While specific details of these MaxFlux pathways may 

vary, similarities exist between the pathways and the magnitude of fluxes, e.g., the 00011 

fine anchor appears to be a necessary step along a pathway of each load level. Despite 

these similarities in reaching primed vulnerabilities, the final step of Ψ rotation is notably 

load dependent such that the probability of the final transition from the none AA-state to 

the 90°>Ψ>0° state is ~3x more likely at 100pN (8%) than at 10pN (3%) or 0pN (2%) 

(Fig. 2.10).  

Current results indicate a strong proclivity of certain load levels to form π-helical 

structures, a conformation that, by at least some accounts
191,192

, is rare and, in some 

sense, counterintuitive, as they are further away from unfolding than the α-helical states. 

However, both structural and experimental studies have observed π helices
10,12,193,194

. In 

particular, an analysis of the PDB identified π-bulges—in which one or more π-helical 

bonds are formed in an otherwise α-helical secondary structure—occurring in 4.7% of 

studied structures
10

. Additionally, a recent UV resonance Raman spectroscopy study of 

helical tendencies in a 21-residue alanine rich peptide showed an ~3% fraction of π-

bulges at the temperature of the current simulations (310K)
12

. The unloaded simulations 

in the current study show a π-helical fraction of ~6% at the same temperature. Therefore, 

while the formation of π-helices in the current work may at first seem counterintuitive, 

other researchers using varied techniques have observed π-helices
10,12,193–196

. Here, these 



 114 

π-helices appear to form as a result of bond failure and subsequent ‘non-native’ 

reformation—notably not as unfolding intermediates—thus their existence in the current 

study may be a property associated with loading.  

 

2.4.6 Discussion: Potential Effect of Force-Field Dependence 

We concede that these results may be subject to force-field differences inherent in 

the use of Molecular Dynamics
197

. Numerous studies have attempted to assess the helical 

tendencies of various force fields with small peptides, typically pentapeptides
11,16

. These 

studies have shown that the helical character of the studied peptides is indeed dependent 

on force field. Additionally, theoretical analysis, via the well-known Lifson-Roig model 

of helix nucleation and formation
14

, illustrate a strong dependence of helicity on protein 

length such that longer sequences (like a 126-residue polypeptide) tend to more reliably 

form stable helices. Finally, while the current simulations reflect the force field used, 

there is no generally agreed upon force field for modeling helices, though some 

comparative simulations using different force fields were conducted
11,16,198

. That said, 

these results present a common basis for comparison and are self-consistent within the 

accuracy of the G53a6 force field
178

. 
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2.5 CONCLUSIONS 

We considered the atomically detailed mechanisms of early events in helix 

unfolding. Straightforward Molecular Dynamics simulations were used to sample these 

events in a long, heterogeneous, solvated helix with a natural sequence under applied 

external load. While the MD simulations were straightforward, the analysis of the data 

combined residue's hydrogen bond status and dihedral angle values to provide a unique 

description of helical state. In order to create a simpler-to-understand coarse-grained 

model, we used the theory of Milestoning with two different coarsening schemes and 

extracted mechanisms of unfolding and their respective kinetic time scales. Despite these 

diverse analysis approaches and the heterogeneous nature of the helix's sequence, we 

found a consistent prediction of ~5ns for the helix unfolding initiation, which implies 

constraints on testing parameters for pulling experiments, as well as the interpretation of 

their results. Moreover, our study revealed a hierarchical sequence of unfolding—

including off- and on-pathway states—due to the fact that hydrogen bond dissociation 

and reformation is two orders of magnitude faster than torsional transitions. The initiation 

of helix unfolding is non-monotonic under load; different pathways are (sometimes 

frequently) visited and the time scale is maximal at an intermediate load. The 

combination of Molecular Dynamic simulations and Milestoning analysis was illustrated 

to be a useful tool that provides a quantitative, yet elemental, picture of complex 

processes in molecular biophysics. 
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Catch Bond-Like Kinetics of Helix Cracking: Network Analysis by 

Molecular Dynamics and Milestoning 

3.1 INTRODUCTION 

The present study is a follow up on an earlier Milestoning investigation on the 

initiation of unfolding for the long helix under load.
1
 That study hinted at the possible 

existence of ‘catch-bond’-like behavior in which the Mean First Passage Time (MFPT) of 

the initiation of unfolding was a non-monotonic function of the applied load magnitude. 

The MFPT calculated at 10pN was longer than that calculated at both 0pN and 100pN. 

Pathway calculations indicated that this non-monotonic behavior appeared to be related 

to the formation of non-native (ie., non α-helical) structures, namely π helices, more 

prominently at this intermediate load level. This non-monotonic behavior is reminiscent 

of the ‘catch-bond’ phenomenon observed in some inter-molecular structures in which 

intermediate loads induce unfolding more slowly than either low or high loads.  

The goal of the present manuscript is to provide a broad picture of the catch-bond 

phenomenon in a long helix. In the analysis, we use the Milestoning theory in a network 

formulation to obtain a comprehensive view of the kinetics and thermodynamics of the 

unfolding process. Compared to our earlier study
1
, we consider a larger number of load 

levels to better resolve the molecular mechanism (ten load levels instead of three). The 

network model was adjusted with respect to the earlier study to make it a directed graph, 

which is more detailed and accurate. We use significantly larger statistics to reduce the 

error bars of our analysis and employ a more strict definition of a “cracking” event. We 

examined the Milestoning networks at greater detail, assessing their numerical accuracy, 

overall statistical stability and robustness upon small variation in edge properties. The 

results add significant new evidence supporting the existence of the catch-bond 

phenomenon and insights into its origin. 
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Inter-molecular catch-bonds were first observed for the interactions between 

rolling immune cells (leukocytes) and the blood vessel wall such that increased blood 

shear flow rates would lead to longer-lived bonds
134

. A selection of inter-molecular 

interactions exhibiting catch-bond behavior includes FimH/mannose
199–202

, L-

selectin/endoglycan
203,204

, P-selectin/PSGL-1
205

, and myosin/actin
206

. Explanations for 

this behavior include a so-called ‘allosteric’ regulation mechanism and a sliding-

rebinding mechanism. The allosteric regulation mechanism is based on the idea that 

intermediate forces induce a primarily rigid-body conformational change in the receptor 

molecule, such as disruption to inter-domain interactions, leading to structural 

rearrangements in the binding site that allow stronger interactions with the ligand. The 

sliding-rebinding mechanism posits that loads applied to the ligand induce a rigid body 

motion in such a way that the load direction is parallel to the binding surface, resulting in 

a ‘sliding’ of the ligand along this binding surface. In this mechanism, the parallel 

orientation of the applied load relative to the binding surface is in contrast to the 

perpendicular orientation present at low loads. Thus, the intermediate loads are capable of 

changing the loading orientation due to rotation of the receptor, but these load levels are 

not large enough to prevent rebinding of individual functional groups of the ligand (eg., 

hydrogen bond donors & acceptors) to the receptor. Thus, the two major explanations for 

the catch-bond behavior of inter-molecular systems include (a) allosteric rearrangements 

permitting additional interactions and/or (b) changes to the alignment of the binding 

surface relative to the load direction allowing the transient formation of non-native 

interactions that delay unbinding. 

The unfolding mechanisms of protein structures under load have been studied 

using theoretical
167,207–210

, experimental (atomic force microscopy
211

 ) and computational 

(steered molecular dynamics
212

) means, typically through the application of forces from 



 118 

either a true or virtual cantilever. In such investigations, the magnitude of the applied 

force is a function of the instantaneous reference position of the cantilever base and the 

transient nature of the applied force is due to both enforced displacement of the cantilever 

base (the ‘loading rate’) and the extension of the protein such that forces applied to an 

aligned but folded protein rapidly increase prior to an unfolding transition. Bell’s 

approach
167

 is a simple model to describe the unfolding kinetics of such experiments via 

two parameters: (i) the height of the free energy barrier and (ii) the position of a 

‘transition state’ along a one-dimensional reaction coordinate. This model has been used 

to characterize the dependence of the measured unfolding rate on the experimental 

loading rate.  

Previous simulations of the strength of isolated helical proteins have employed 

the SMD approach
18

 to identify unfolding forces and to determine the Bell model 

parameters under load. These simulations observed unfolding forces on the order of 

~200-300pN for the slowest simulated loading rates. Experimental determinations of 

helical protein strength via atomic force microscopy have placed the unfolding force in 

the 20-40pN range
7,136

. The use in simulations of significantly higher loading rates than 

in the experiment was attributed to time-scale limits of straightforward simulations. 

Simulations of unfolding under load are restricted to microseconds at most, far shorter 

than typical experimental times of milliseconds and longer. Forcing unfolding to occur 

over fast time periods is likely to induce short and direct pathways that are not followed 

by the system at lower, more typical loads. Hence the mechanism of unfolding may 

change as a function of loading magnitude. We illustrate this phenomenon in the present 

paper. 

A recent look at unfolding time versus load for a simple analytical energy 

landscape with a single energy barrier 
34

 illustrated that a ‘rollover’ in lifetime can appear 
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when a degree of freedom other than the molecular extension (ie., load direction) is 

essential for the unfolding kinetics. This study demonstrated that this ‘rollover’ can occur 

for a single unfolding pathway, and therefore may not require multiple distinct pathways 

such as a ‘fast’ and ‘slow’ pathway whose relative traffic switch due to load magnitude. 

A study of the unfolding mechanism of a coarse-grained model of protein G 
35

 showed 

that the unfolding mechanism exhibited a discrete switch between competing unfolding 

pathways at low and high force. This switch, recognized through a clustering analysis of 

the unfolding structures, was most pronounced for ‘stiff’ load directions and resulted in a 

‘catch-bond’-like kinetic turnover. In contrast, the unfolding mechanisms for ‘weak’ 

loading directions exhibited a more gradual shift than that seen in the ‘stiff’ loading 

directions. Thus, while a simple analytical potential is capable of generating kinetic 

turnover without a discrete switch in mechanism, previous results from more detailed 

energy landscapes with more explicit characteristics of proteins demonstrate that this 

non-monotonic unfolding behavior can also be a function of traffic along discrete 

pathways. The α-helical system studied here provides an ideal test system for evaluating 

these competing visions as it has a rough energy landscape relative to analytical models 

yet it is simple enough to provide comprehensive analysis of unfolding mechanisms, 

which is harder to obtain for larger systems. 

 

3.2 METHODS 

3.2.1 Methods: Computational Protocol 

The system studied is the 126 residue long chain A of the 2fxm.pdb beta-myosin 

S2 coiled coil, which forms a single ~16nm long α helix. Its sequence is:  
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GSSPLLKSAEREKEMASMKEEFTRLKEALEKSEARRKELEEKMVSLLQEK

NDLQLQVQAEQDNLADAEERCDQLIKNKIQLEAKVKEMNERLEDEEEMNAELT

AKKRKLEDECSELKRDIDDLELTLAK.  

Simulation conditions were the same as the previous study. Simulations are 

performed with the GROMACS
36

 4.3.5 distribution using the GROMOS96 '53a6' united-

atom force field
178

 with a 2fs time step. The original structure was placed in an explicit 

(SPC model) water-filled box sufficiently large to ensure 1.2nm of solvation surrounding 

the helix in the x, y, and z directions, resulting in a 7.4x8.2x25.6nm rectangular box (Fig. 

1). System charge neutrality was enforced by adding 102 Na+ and 91 Cl- counter-ions at 

a concentration of 0.1 mole/liter, resulting in a full system containing 1290 protein atoms 

and 49,605 water molecules, in addition to these counter-ions. Periodic boundary 

conditions were used throughout all phases of the MD simulations as was the parallel 

processing version of the LINCS constraint on fast bond dynamics
37, 38

. 

Following energy minimization, the initial structure was heated to 310K in three 

20ps steps; temperature stabilization was monitored before each temperature increase. 

Pressurization to 1 atm was performed over 750ps on the heated system using a 

Berendsen thermostat to maintain temperature. Final production runs used a Nose-

Hoover thermostat
181,182

 with a relaxation constant of 0.1ps to maintain 310K and a 

Parrinello-Rahman barostat
183

 with a coupling constant of 1.0ps. The Coulomb and van 

der Waals cutoff radii were set to 1.4nm; Particle Mesh Ewald
184

 is used to handle long-

range electrostatics. The 10 seeds used for the production simulations were obtained from 

sampling an initial 1ns equilibrium simulation. All simulations were run on the Texas 

Advanced Computing Center’s (TACC) Sun Constellation Linux Cluster, Ranger 

(www.tacc.utexas.edu). 
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Figure 3.1. Simulation Box Illustration and Loading Axis. [Top] Helical structure 

(2fxm.pdb chain A) within simulation box filled with explicit water. 

[Bottom] Helical structure illustrating two groups (red and blue) comprised 

of the 18 residues on either end. Constant force loads are applied to these 

two groups in a constant direction (dashed black line) aligned with the long 

helical axis. 

 

Constant force loads were applied to the helix's C- and N-terminal ends, with the 

pull groups being the 18 residues on either end. Load magnitudes tested included 0, 5, 10, 

15, 20, 25, 30, 40, 70, and 100pN. The load direction, fixed throughout the simulations, 

was set in the [0 0 1] direction corresponding to the helix’s nominal axis as defined by 

the vector between the center of mass of the load end groups. Loads, applied via the 

‘pull’ command within GROMACS, were evenly distributed over all atoms of the pull 

groups, explaining the selection of a relatively large number of ‘pull group’ residues, 

namely 18, to minimize end effects. The loaded residues were not analyzed in order to 

minimize any possible complications due to direct load application. Furthermore, it was 

necessary to exclude two residues on either end of the 86-residue analysis section in a 
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concerted effort to minimize the effects of applied load on the hydrogen bonds spanning 

the first and last analyzed residues.  

In contrast to our previous work, only the first residue to “crack” within a given 

simulation is considered for analysis; all other residues present in the simulation were 

ignored during analysis. The decision to consider only the first residue to initiate 

unfolding was made in an effort to more clearly isolate the initial unfolding event from 

the influences of neighboring residues that may have already experienced unfolding, such 

as would occur when an unfolding event is propagating through the helix.  

The only simulation time included in the analysis was the time prior to the 

initiation of unfolding of the first residue; any remaining simulation time was discarded 

for the purposes of the present study. At least 30 simulations were run for each load level 

except 100pN, which was run 20 times. Unfolding with 100pN is rapid and efficient. The 

20 trajectories at this load unfold in a similar way and provided adequate statistics. 

Additional simulations were run for the 0pN and 25pN load levels to provide better 

statistical confidence at these load levels. 

 

 

Table 3.1. Number of simulations for each load level. 

Load 

(pN)
Simulations

0 75

5 28

10 28

15 50

20 60

25 83

30 28

40 24

70 30

100 20
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3.2.2 Methods: Milestoning Overview 

The ‘Milestoning’ approach was used to analyze the kinetics and process of the 

initiation of unfolding. While most implementations of Milestoning focus on a large 

number of short simulations initiated at intermediate stages of an activated process, the 

present implementation utilizes Milestoning as an analysis tool for post-processing 

relatively long ‘initial-value’ simulations. In the current implementation, the raw, full 

atomic trajectories generated by GROMACS are converted to trajectories of coarse-

grained states. The atomic positions at each saved image define the instantaneous coarse-

grained state of the residue of interest (see definition of Milestoning states below). The 

Milestoning approach is then used to analyze the transitions between the coarse-grained 

states. The interested reader can find a full derivation of the Milestoning equations 

elsewhere
176

; a brief description follows. 

 

3.2.3 Methods: Milestones 

Milestoning is concerned with fluxes between molecular states that are defined by 

partitions in phase space; we call these partitions “milestones”. The partitions are defined 

in a coarse space that is a reduction of the full atomic space of the MD simulations. For 

example, here we use the hydrogen bonds and the backbone torsions of the peptide chain 

to define the state of a helix. Atomically detailed trajectories in the full phase space of the 

protein, aqueous solution, and counter ions are mapped into a state trajectory defined by 

the last milestone or interface that is passed. 

Milestones are defined with the help of anchors. Anchors are configurations 

determined with coarse variables that provide a sample of the important regions of the 
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reaction space. For example, consider a system of two anchors. In one of the anchors the 

system is in a hydrogen-bonded state and in the second anchor it is not. A milestone 

representing the interface between these two anchors is defined as the distance at which 

the hydrogen bond changes its state (it is turned on (or off)). The milestone is used to 

map the atomically detailed trajectory  X t  to a trajectory of hydrogen bond (hydrogen 

bonded 
1q , no hydrogen bond 

0q ) states. For example, if the system forms a hydrogen 

bond at time t and dissociates at time t’, the trajectory in Milestone space takes the value 

of 0q  between time 0 and t (the last milestone that it passes (or initiated on) is 0q ), the 

value of 1q  between t and t’ and the value of 0q  afterwards. This construction builds on 

the Markovian Milestoning with Voronoi Tesselation of Vanden Eijnden and Venturoli 

40 in which a trajectory confined to a cell generates the necessary first-hitting statistics. 

Our Milestoning formulation
213

 is different and emphasizes short trajectories between 

interfaces. In the present study we consider another variant of Milestoning in which long 

trajectories cross the interfaces and Milestoning is used for analysis (and is in principle 

exact). 

In contrast to our previous study, the milestones considered here are directional. 

In the earlier definition of the milestones
148

 it was sufficient to record the passage of a 

milestone with no reference to the direction of crossing. For example, the milestone 

would be the same for a system that crosses from a hydrogen bonded to a dissociated 

state, as in the opposite scenario when the system crosses from a dissociated to a 

hydrogen bonded state. This mapping is expected to be valid when the dynamics are 

stochastic and overdamped as is typical for thermal motions of macromolecules. 

However, Directional Milestoning, which was introduced recently (DiM
213

) offers more 

flexibility. It retains the direction of the crossing, and allows (for example) the forward 

and backward direction to differ in their geometric definition.  
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Figure 3.2. Schematic illustration of a milestoning trajectory through a set of anchors. 

Schematic illustration of a set of anchors (sample structures from the α3, α1, 

[none], Ψ>90, and π34 anchors) that are coarse grained descriptions of 

atomic space and a set of milestones (α3:α1, α1:α3, α1:[none], and 

[none]:Ψ>90) that are the interfaces between these anchors. Note the use of 

directional milestones as illustrated by the two distinct milestones separating 

the α3 and α1 anchors, each with a unique directionality relative to the two 

anchors.  

 

3.2.4 Methods: Milestoning Equations 

The Milestoning trajectories that are the outcome of the coarse-grain projection 

discussed above are used to generate the fundamental quantities of the Milestoning 

theory. A critical function to Milestoning is  ijK t . The transition kernel  ijK t  is an ‘n 

x n’ matrix (where ‘n’ is the number of milestones) that contains the probability of 
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transitioning from milestone ‘i’ (given that we start in ‘i’) to milestone ‘j’ and is 

estimated by ( ) /ij in t n , in which ( )ijn t  is the number of trajectory fragments transitioning 

from milestone ‘i’ to milestone ‘j’ (passing milestone ‘j’ for the first time while the 

previous milestone passed is ‘i’) at time ‘t’ and 
in  is the number of trajectories initiated 

at milestone i .  

If we focus on equilibrium properties and on the Mean First Passage Time (the 

mean of the times that it takes the system to reach a pre-defined target for the first time: 

MFPT), then only the zero and the first moments of  ijK t  as a function of time are 

required. The zero moment, which we call the transition matrix, is  
0

ij ijK K t dt



   and 

the first moment is  
0

ij ijt tK t dt



  . We use below the average lifetime of a milestone, 

i
 . It is the time that the trajectory spends after hitting milestone ‘i’ before crossing 

(any) other milestone. It is defined by  
0

i ji
j

j

j

it t K t dt
 

   
 

   . Thus, the system 

is reduced from an atomic description to a lower dimensionality mesh in coarse-grained 

space considering only the initiating milestone, terminating milestone, and time. 

These two fundamental quantities are then used to calculate the Mean First 

Passage Time (MFPT or 
if

 ) from Milestone i  to the final (assumed absorbing) 

Milestone f by: 

 
1

if ij j
j

i
p 


  I K                                                         (3.1) 

where the initial milestone distribution ip  is the initial (t=0) probability density, I  is the 

identity matrix and ijK  is an element of the transition matrix (    
0

ijij
K t dt



 K ). In 

order to model an absorbing boundary condition at f we set 0  fiK i  . Hence, 

trajectories that arrive to the final state vanish. We note the important difference between 
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j
  and 

if
 : the former is the average lifetime of individual Milestones (j) and the 

latter is the Mean First Passage Time between the initiating Milestones (i) and absorbing 

Milestones i  and  f , respectively. 

To obtain stationary flux we set the elements of the transition matrix to 

0   1fiK i   and 1 1fK  . This choice creates a cycle in which trajectories that make it 

to the absorbing boundary at f are immediately moved back to the origin. The transition 

matrix and average milestone lifetimes can also be used to calculate the stationary 

probability distribution ,i statp  of being in a state i (the last Milestone that was passed is i) 

as well as the stationary reactive flux vector ( statq ). The stationary reactive flux vector is 

calculated directly from the linear equation below or alternatively as the eigenvector with 

zero eigenvalue of the matrix I-K: 

  0stat  q I K                                                                            (3.2) 

The stationary probability distribution is a function of both the transition matrix—

via the stationary reactive flux vector--and the average milestone lifetime: 

 ,i stat t i istap  q                                                                     (3.3) 

where the multiplication is of the i-th elements and is not a vector dot product. Note that 

the stationary probability distribution is not normalized, as written. This is because it is 

determined from the flux vector (a solution of Eq. (3.2)) which is known up to a positive 

scaling factor. The normalized probability distribution is simply: 

 

 
,

stat i i
i stat

stat i i
i

p









q

q
                                                               (3.4) 
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3.2.5 Methods: Statistical Analysis of the Milestoning Network 

At the core of the Milestoning calculations one finds the matrix ijK . The overall 

accuracy of the calculation is determined by the computational precision of this matrix. 

Here we propose a statistical model to assess this uncertainty. The matrix element ijK  is 

a random variable that is obtained as a sum of other random variables. The elementary 

event that is used to compute ijK  is the outcome of a trajectory. A trajectory initiated at 

milestone i may (or may not) transition to milestone j. Hence, for this single event ijK  

can be zero or one. As more events are collected we improve our estimate of ijK  as an 

average of zeroes and ones. We write: 

( ), ( ),

1,...,

1

i

ij k l j k l j

l nin
 



 K                                                      (3.5) 

where in  is the number of trajectories we have initiated at milestone i , l  is the trajectory 

index, k(l) is the outcome, terminating milestone of trajectory fragment l , and  ,k l j
  is 

the Kronecker delta function which is zero if the terminating milestone, k, of the l -th 

trajectory fragment is different from j . It is one otherwise. 

As is typical for statistical mechanics calculations, the trajectories are assumed to 

be independent and are sampled from the correct distribution. The typical number of 

trajectories fragments used to generate the Milestoning quantities for each milestone is 

between several tens and several hundreds. Following the Central Limit Theorem, we can 

therefore assume that ijK  is sampled from a normal distribution for a sufficiently large 

number of initial trajectories. We estimate the parameters of the normal distribution 

(mean,   and variance 2 ) from the trajectory data. 

   

2

2 2 2

, ,

   

1 1

ij ij

ij ij ijk l j k l j
l li in n



  



 
    

 
 

K

K K
                                  (3.6) 
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The variance of the average < ijK > is 
2

ij in . Of course, we must also satisfy the 

intrinsic constraint that the probability of the trajectory to go somewhere is one: 

1ij

j

K . We impose this constraint by sampling the individual elements of the ijK  

completely independently from the normal distribution for each individual element 

 2, /N N   and we normalize each of the elements by the sum of the sampled 

elements of a given row of the matrix (ie., for each milestone). Hence from a complete 

row of M milestones only M-1 elements are independent. A similar procedure is used for 

the milestone lifetime 
i

  where all the elements of the life time vector are assumed 

independent and normalization is not required. This sampling procedure was repeated 

1000 times for each load level, providing a distribution of 1000 MFPT values and 

associated quantities derived from the transition matrix and milestone lifetime vector 

(such as the milestone probability, ,i statp , and stationary flux, statq ).  

 

3.2.6 Methods: Coarse Graining Approach 

Milestoning requires the generation of trajectories in which an atomically detailed 

trajectory (as generated by the simulation software) is mapped to the coarse-grained 

space. The mapping implemented here is based on the ‘coarse anchor’ definitions used 

previously. Briefly, the anchors defined here on a single-residue basis are a function of 

(a) the Ψ dihedral angle value and (b) the quantity and type of hydrogen bonds spanning 

across the residue. These degrees of freedom were previously shown to provide a useful 

proxy for the system structure; as a result, other metrics (such as the Φ dihedral angle) are 

ignored in the present analysis. We do not differentiate between different residues along 

the helix. Instead we pick the first residue that cracks. 
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The hydrogen bonds considered to ‘span’ the residue of interest (where ‘spanning 

the residue’ means that the carbonyl-group donor precedes and the amide-group acceptor 

succeeds the residue of interest) can take one of three forms: 310, α-, and π-helical in 

which the carbonyl group from residue ‘i’ (which can be any of a number of residues that 

precede the residue of interest) forms a hydrogen bond with the amide group of residue 

‘i+3’, ‘i+4’, or ‘i+5’, respectively (which could be any of a number of residues that 

succeed the residue of interest). The hydrogen bonds are considered in addition to the Ψ 

dihedral in order to incorporate the requirement that the hydrogen bonds spanning a 

residue must, in the vast majority of cases, be broken to permit the flexibility in the Ψ 

angle to allow the initiation of unfolding. Note that the ‘spanning’ condition allows a 

number of possible bonds to span a residue at any point in time; specifically, there is a 

maximum of 2, 3, or 4 hydrogen bonds spanning a residue if the bonds at a specific time 

are 310, α-, and π-helical in nature, respectively. Note that for the purposes of this analysis 

a hydrogen bond is considered to exist if the N-O distance is <0.35nm and the angle 

between the HN and NO vectors is >150°.  

The full anchor definition requires considering both the value of the Ψ dihedral 

angle as well as the type and quantity of hydrogen bonds spanning the residue at a given 

point in time. Thus, there can be ‘pure’ 310, α-, and π-helical states in which only one 

type—but possibly different quantities—of bonds are formed and there can be ‘mixed’ 

states in which multiple types and quantities of bonds are formed, such as the π/α1 state 

in which one α-helical bond and at least one π-helical bond span the residue of interest. 

Additionally, there is a ‘none’ state in which no hydrogen bonds are formed but the Ψ 

angle does not exceed 0°. The value of the Ψ angle is used to define when a residue has 

initiated unfolding—and is therefore at the final state for the present analysis—by 
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reaching a value greater than 90°; an intermediate unfolded state is defined by 0°<Ψ<90°. 

See our previous work
1
 for a full list of the anchors and their definitions.  

 

 

Table 3.2. Anchor definitions as a function of the quantity and type of hydrogen bond 

spanning the residue of interest and the Ψ dihedral angle. The keyword 

‘any’ indicates that any quantity of a given type of hydrogen bond may be 

present for a given anchor; for example, the 310 state can have ‘any’ number 

of 310-helical bonds (for this anchor, that would be either 1 or 2 bonds). 

Note that certain anchors allow a variable quantity of hydrogen bonds; for 

example, the π34 anchor can have either 3 or 4 π-helical hydrogen bonds. 

These variable-bond-quantity anchors are not to be confused with 

milestones, which are defined to be the interface between domains of any 

two anchors listed here. The full atomically detailed trajectories computed 

with GROMACS addressed in section 2.1 are mapped to Milestoning 

trajectories and are used to compute ijK  and 
i

 . 

 

3.2.7 Methods: Pathway Calculations 

Given the ijK  matrix and the Milestoning solution for the kinetics and 

thermodynamics we can represent the process as a network in which each edge on the 

310 α π

Ψ > 90 any any any > 90, < -150

90 > Ψ > 0 any any any 0 - 90

none 0 0 0 <0

310 any 0 0 < 0

310/α2 any 2 0 < 0

310/α1 any 1 0 < 0

α3 0 3 0 < 0

α2 0 2 0 < 0

α1 0 1 0 < 0

π/α3 0 3 any < 0

π/α2 0 2 any < 0

π/α1 0 1 any < 0

π12 0 0 1 or 2 < 0

π34 0 0 3 or 4 < 0

Anchor  

Designation

Quantity of Hydrogen 

Bonds
Ψ Angle 

Values        

(degrees)
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network connects two anchors and the weight of the edge is the net flux. The flux is the 

number of trajectories that passes through that Milestone in unit time. This network can 

be analyzed to determine pathways of maximum flux to obtain qualitative insights into 

mechanisms. The continuous MaxFlux theory
214

 and algorithm
215,216

 were previously 

discussed. We used an exact and discrete MaxFlux approach
176

 to determine the 

maximum flux pathways from the folded (α3) to unfolded (Ψ>90) states on the network
1
. 

Recall that the transition matrix allows the calculation of the stationary reactive flux 

vector ( statq ). When using directional milestones there are two milestones (αβ and βα) 

between anchors ‘α’ and ‘β’, each with their own stationary reactive fluxes: q  and q . 

The difference between these two fluxes is the net flux and the weight along the edge 

connecting α and β: w q q    . Negative w  corresponds to a net flux in which 

trajectories transition from β to α more frequently than from α to β. A weight matrix w  

of maximal dimensionality 
2

anchorsn  can be determined from statq ; it is this weight matrix 

that is used for the pathway calculations. Note that in this manuscript the stationary 

reactive fluxes are defined in milestone space while the weight matrix is in anchor space. 

Elements from this weight matrix can be referred to as w  or iw  since milestone ‘i’ is 

composed of the interface between anchors ‘α’ and ‘β’. 

 

3.2.8 Methods: The MaxFlux Algorithm 

The Maxflux algorithm
215

, as implemented for a Milestoning graph
176

, seeks a 

path that connects the reactant and product states and that carries maximum flux. A 

related algorithm
185

 was proposed in the context of the Markov State Model
217–219

. As 

used in the current study, the following algorithm finds the Maxflux path: 



 133 

Step 1. Find the link emin with the smallest weight wmin=mini(wi) on the graph G 

(corresponding to the edge/Milestone with the smallest flux) and mark it for 

elimination. Note that the weight wi consists of connections between two 

anchors, e.g., k and l. If no edges on graph G remain that have not been marked 

in Step 2 as part of the path, then stop. 

Step 2. Check if, after removing emin, it is still possible to find a sequence of edges 

leading from the reactants to the products. If yes, then remove emin from the 

graph and return to Step 1. If no, then store emin as an edge on the desired path 

and remove it from consideration of the minimum weight edge (Step 1). 

Proceed to Step 1.  

The collection of edges that remain after all non-marked edges are removed is the 

‘Maxflux path’; it is guaranteed to provide the maximum flux path in the discrete space 

generated in the Milestoning calculations. Finally, a ‘transition state’ can be chosen as the 

edge along a Maxflux path with the smallest weight (net flux). Additional paths, e.g., 

second best, third best, etc., may be found by eliminating the ‘transition state’ in the first-

order (i.e., Maxflux) path from consideration and repeating the algorithm.  

 

3.2.9 Methods: Kij Correlation Calculation 

In contrast to pathway calculations, which generate connections between edges to 

define the course that a reaction will take, the ijK  correlation calculation illustrates the 

significance of individual elements of the transition matrix, and therefore individual 

edges of the graph. Recall that the MFPT calculation scheme involves a sampling of the 

individual elements of the transition matrix ( ijK ) and milestone lifetime vector (
i

 ) to 

calculate a single MFPT. This sampling procedure is repeated ‘n’ times for each load 
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level (where ‘n’ is 1000 for the present study), providing a set of MFPT values (
( )n

if
 ) 

corresponding to a set of transition matrices (
( )n

ijK ) and a set of milestone lifetime 

vectors (
( )n

i
 ). The correlation is calculated between the set of MFPT values and the set 

of values for a given transition matrix element. In this way it is possible to determine 

whether high values for a given transition, such as that corresponding to the rotation of 

the Ψ angle beyond 90°, correlate to high or low MFPT values. Note that this calculation 

does not prove that high values of a given transition matrix element are responsible for 

the high or low MFPT value. Instead, this correlation shows that the MFPT is sensitive to 

the topology of edges. For example, sensitivity to specific ijK may indicate the opening 

(or closing) of an off pathway intermediate, which influences the overall rate (but is not 

on the MaxFlux pathway). 

 

3.2.10 Methods: Kij Sensitivity Calculation 

In the previous section we explored stochastic changes for the whole matrix, 

which can impact simultaneously a large number of elements. It is also of interest to 

examine the impact of small local variation of the transition matrix
ijK . In order to 

determine the effect of changing individual ijK  elements on the calculated MFPT, the 

sensitivity of the MFPT to ijK  was determined: 

                            
1

ij ijif

if

K  


                                                (3.7) 

 

This partial derivative was numerically calculated by adjusting the transition 

matrix element of interest while keeping all other transition matrix values fixed and 

computing the resulting MFPT. The transition matrix element was adjusted as a 

percentage of its average value (75%, 80%, 85%, 90%, 95%, 100%, 105%, 110%, 115%, 
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120%, and 125%) with MFPTs computed for each adjustment. Normalization of the rows 

of the ijK  matrix was maintained by renormalizing the other entries in the i
th

 row. A 

linear regression was done to the resulting MFPT and ijK  element pairs, with the slope of 

this regression providing 
ij . Note that this calculation is in contrast to the correlation 

analysis which allows every element of the transition matrix to change. 

 

3.3 RESULTS 

3.3.1 Results: MFPT of the Initiation of Helix Unfolding 

 

 

Figure 3.3. Simulation time of first observed initiation of helical unfolding (‘MD MFPT’) 

in straightforward MD simulations and MFPT of helical unfolding initiation 

(‘Milestoning MFPT’) calculated via Milestoning analysis of the simulation 

trajectories. Observed simulation times are computed directly from multiple 

molecular dynamic trajectories at a given load by recording the first 

observation of Ψ>90°; data points are the averages and error bars are the 

standard deviations of these observations. Data points and error bars for the 

Milestoning MFPT are the averages and standard deviations from the 

Milestoning sampling protocol.  
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The initiation of unfolding as a function of applied load magnitude followed a 

non-monotonic curve in which the initiation of unfolding was longest (~3.5ns) for loads 

in the 15-30pN range. The unfolding time for loads up to 10pN was approximately 1ns 

less (~2.5ns) than this peak value. The MFPT followed a monotonic profile for loads 

above 40pN, decreasing with increasing load for both 70pN (~2.0ns) and 100pN 

(~1.0ns). Critically, this non-monotonic MFPT v. load curve follows a profile that is 

similar in nature to the lifetime of inter-molecular catch bonds. The statistical sampling 

approach provides an estimation of confidence in the MFPT calculated for each load 

level, clearly indicating that the MFPT results presented are statistically (p<0.005) 

different between four load levels (0pN, 25pN, 70pN, and 100pN) that will be the focus 

of the following analysis. 

The calculated MFPT values using Milestoning favorably compare to the estimate 

of the MFPT based on observed times from the straightforward molecular dynamics 

calculations. Note that the present implementation of Milestoning differs from earlier 

implementations of Milestoning that focused on more efficient calculations by using 

trajectory fragments
220

. Here, an entire, initial-condition trajectory is post-processed 

according to the Milestoning methodology. Thus, the assumption of de-correlation of 

trajectory fragments is not necessary. The agreement in Fig. 3 demonstrates the fidelity of 

the quantities used to calculate the MFPT—namely the transition matrix and average 

milestone lifetime—and increases confidence in the accuracy of the results presented 

below that rely on analysis of these fundamental quantities. 
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3.3.2 Results: Milestoning Probability Distributions 

The milestone stationary probabilities were calculated for each MFPT calculation 

using Eq. (3.3). The averages of these probabilities over all MFPT samples for a given 

load level were plotted to illustrate the multi-dimensional nature of the energy landscape 

explored during the initiation of unfolding. The edge-specific differences in the average 

probabilities between load levels provide an indication of the shift in system behavior as 

a function of load. Note that the stationary probabilities underlying these calculations are 

a function of both the milestone connectivity (as captured by the transition matrix) as 

well as the local milestone kinetics (as captured by the average milestone lifetime vector).  

 

 
 

Figure 3.4 
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Figure 3.4. Milestoning probability network for zero load and differences between select 

load levels. The plot (A) includes the network of probabilities of different 

edges for zero load, which is also used as the reference distribution. The rest 

of the networks are for differences in probabilities of edges of networks of a 

high and low (reference) load network. Positive values (red) means that the 

probability is increased for the higher load level. Only probabilities above 

0.001 are presented; others are omitted for clarity. Line thickness for (A) is 

determined by the log10 of probabilities; line thickness for B-D is 

determined by the absolute difference in probability without any logarithmic 

adjustment. Each edge is the sum of the probabilities of the two directional 

milestones connecting the two relevant anchors. Note that as the load 

increase from zero to 25 the contribution of the  helix to the network is 

increasing, while it is reduced when the load grows to 70pN. Turning on and 

off the contribution of the off the pathway  helix explains the non-

monotonic behavior of the MFPT. The absence of connections to the Ψ>90° 

anchor reflects the fact that the analysis of the simulations only considered 

the trajectory up to the first transition to this anchor. Therefore, the 

milestones connecting to this final anchor have an undefined lifetime, 

represented here as a lifetime of zero, (see Fig. 7). The milestone probability 

is also zero despite the presence of significant fluxes through these 

milestones (see Fig. 5 and 6 below).  

 

While the native, α-helical states are the most probable (pα3:α2=0.63 at 0pN), both 

the π-helical (pπ12:π34=0.03 at 0pN) and 310-helical (pα1: 310/α1=0.01 at 0pN) states are also 

well visited. Thus, prior to the initiation of unfolding, the system explores roughly the 

entire energy landscape of helical states. While the relative distribution of this 

exploration is somewhat load dependent (see below), this wide exploration is seen for all 

load levels below 100pN. This exploration is indicative of the highly diffusive nature of 

the state dynamics prior to unfolding, even in the presence of relatively large (≤70pN) 

loads.  

Differences in the probability networks illustrate the shift in the multi-

dimensional energy landscape with different magnitudes of applied load. The comparison 

between the 0pN and 25pN distributions illustrates that the system explores the π-helical 
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states more at 25pN than in the absence of applied load. As a result, there is a lower 

probability for the states nominally close to unfolding, including the connections between 

the 310, α1, and none states. In contrast, the 70pN load level has a much lower probability 

for the π-helical states than does the 25pN. Instead, the system under 70pN has a much 

higher probability of staying in the native state or exploring the 310-helical states. Thus, 

the 0pN-25pN and 25pN-70pN comparisons illustrate that the 25pN load level has a 

higher tendency to visit the π-helical states than either lower (0pN) or higher (70pN) 

loads. Interestingly, the lack of a distinct division between regions of the graphs in the 

70pN-100pN comparison shows the relative similarity between these two load levels, 

with the 100pN providing a still-higher probability of remaining in the native α-helical 

states prior to the initiation of unfolding than even the 70pN. Perhaps not surprisingly, the 

diffusive behavior is reduced at the highest load level as the reaction space is more 

focused in the neighborhood of direct paths. 

 

3.3.3 Results: Total and Net Flux Networks 

The total flux networks for each load level were determined through the solution 

of Eq. (3.2) and normalized with respect to the maximum total flux for each load level. 

The total fluxes plotted represent the averages over all samples of the 
ijK  matrix used to 

calculate the MFPT distribution. 

As with the probability distribution networks, the total flux networks indicate the 

highly diffusive nature of the system evolution, particularly at low loads (0pN & 25pN) 

where all three major variants of the helical structure (310, α, and π) are well visited. The 

0pN network illustrates a slightly lower propensity to visit the π-helical states than is seen 

in the 25pN network. As was also seen in the probability networks, while the 70pN 



 140 

networks indicate a slight propensity of these systems to visit the π-helical state, the 

100pN networks clearly do not visit this non-native structure. 

 

  

Figure 3.5. Total flux networks as a function of applied load magnitude. The fluxes for 

each milestone are calculated from the solution of ( ) 0statq I K  . The total 

flux values presented here are the sum of the two directional milestone 

fluxes for each anchor pair. Edge thicknesses represent the total flux 

normalized by the largest total flux for each load level. Normalized total 

fluxes less than 10% of the maximum for each load are omitted for clarity. 

 

Net flux networks are calculated for each load level by taking the difference 

between the fluxes of the two directional milestones between each anchor pair. These 
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networks indicate any bias in the diffusive exploration of the accessible states of the 

system.  

As with the probability and total flux networks, the net flux networks illustrate the 

diffusive nature of the system evolution at low loads (0pN and 25pN), with more directed 

pathways present at the higher loads (70pN and 100pN). Notably—and as was seen with 

the total fluxes—the net fluxes of the π-helical states have a higher net flux for the 

intermediate 25pN load than is seen in the 0pN load. Indeed, a circulation appears in the 

25pN net flux network between the π12, π34, and π/α1 anchors that may contribute to the 

higher milestone probabilities seen for the milestones connecting these anchors.  
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Figure 3.6. Net flux networks as a function of applied load magnitude. The net fluxes are 

calculated as the difference between the directional milestone fluxes for a 

given pair of anchors. The directional milestone fluxes are calculated via 

solution of ( ) 0statq I K  . The edge thickness corresponds to the 

magnitude of the net flux, with the edges of each network normalized by the 

highest net flux for a given load level. The direction of the edges 

corresponds to the directionality of the net flux. Edges with normalized 

values less than 10% of the maximum net flux are omitted for clarity. In the 

present case the normalized net flux network is very similar to the absolute 

flux networks (Fig 4). 

 

The connections to and from the α1 state provides a notable comparison between 

the net flux networks of the different load levels. In the absence of load (0pN), the α1 
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anchor has a tendency to form a companion 310-helical bond or experience a rotation of 

the Ψ angle beyond 0°. Additionally, the connection between the [none] and α1 anchors 

is actually in favor of the re-formation of the α-helical bond. The 25pN net fluxes from 

the α1 anchor indicate that the lone hydrogen bond in this state is expected to break, 

leading to a relatively strong connection to the [none] anchor in which there are no intact 

hydrogen bonds. At the higher load levels, the evolution of the system from the α1 state 

is to simultaneously break the α-helical bond and form a 310-helical bond. Note that the 

310-helical hydrogen bond is formed between a donor and acceptor that are ‘closer’ along 

the peptide backbone (between residues i and i+4 for the α-helical bond while the 310-

helical bond is formed between residues i and i+3). Additionally, our previous study of 

the Ψ dihedral angle distributions as a function of anchor indicate that the Ψ dihedral 

angle minimum for a 310-helical structure is less negative—and therefore closer to 

unfolding—than the Ψ dihedral angle minimum for the α-helical structure. Thus, the 

connections from the α1 anchor indicate that at relatively large loads (70pN and 100pN), 

the progression to unfolding is one in which work is done against the rotational degrees 

of freedom along the backbone of the helix in order to effectively ‘stretch’ the helix, 

resulting in 310-helical hydrogen bond donors and acceptors that are in closer proximity 

than at intermediate load levels (25pN), where the applied load acts to break the 

remaining α-helical hydrogen bond.  

 

3.3.4 Results: Average Milestone Lifetime Networks 

Networks of the average lifetimes of individual milestones were graphed to 

provide an indication of the relationship between the kinetics of local transitions between 

anchors. These average lifetimes are one of the fundamental quantities used in the 
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calculation of the MFPT that are directly calculated from the simulation. Differences in 

the average lifetimes are used to illustrate the effect of load increases in speeding or 

slowing the local dynamics.  

The average milestone lifetimes are three orders of magnitude less than the 

overall MFPT of unfolding initiation. For instance, the average lifetime of the α3:α2 

milestones are ~6ps (in contrast to the ~1-3ns of the MFPT). The differences in these 

time scales underscore the diffusive nature of the process such that no one transition 

dominates the overall process. It also illustrates the promise of Milestoning in computing 

long time behaviors from short-time easy-to-compute trajectory fragments. 
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Figure 3.7. The average milestone lifetimes for the 0pN (A) network as well as 

comparisons between to 0pN-25pN (B), 25pN-70pN (C), and 70pN-100pN 

(D). The comparisons made in (B-D) are the arithmetic differences between 

the milestone lifetimes of the two load levels. The average milestone 

lifetime values graphed here are the vector elements 
i

  . For clarity, only 

milestone lifetimes above 0.5ps are presented. Note that the lifetimes of the 

milestones are presented as the edges between anchors, which serve as the 

nodes of the network. Line thickness corresponds to the magnitude of the 

milestone lifetime; where relevant, the color corresponds to increasing or 

decreasing lifetime with respect to load. Dashed lines are renderings of 

relatively thin, and therefore short-lived, edges. The absence of connections 

to the Ψ>90° anchor reflects the fact that the analysis of the simulations only 

considered the trajectory up to the first transition to this anchor. Therefore, 

any milestones representing connections to this final milestone have an 

undefined lifetime, represented here as a zero lifetime.  
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Differences in the average milestone lifetimes reveal the extent to which these 

local kinetics change with higher load levels. While 25pN has increased lifetimes of some 

milestones relative to the unloaded scenario, increasing load levels beyond 25pN clearly 

decrease the majority of milestone lifetimes. Two key milestones with increased lifetimes 

for 25pN relative to 0pN are the π12:90°>Ψ>0° and 310/α1:90°>Ψ>0° milestones. While 

these particular milestones are certainly near the unfolded state, the increase in time for 

these milestones from 0pN to 25pN (the change in lifetime from 0pN to 25pN: 

π12:90°>Ψ>0°=6.4ps, 310/α1:90°>Ψ>0°=1.9ps) is still three orders of magnitude less 

than the increase in overall MFPT between these load levels (1.2ns), indicating that 

changes in the local lifetimes do not directly account for the observed differences in 

MFPT. Only the complete description of the network including diffusive dynamics along 

many edges can describe the MFPT shifts quantitatively. 

 

3.3.5 Results: Kij Sensitivity Analysis 
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Figure 3.8. The correlations of individual transition element values with the calculated 

MFPT. Correlations are calculated between the set of values for a given 

transition element and the set of calculated MFPTs during the sampling 

procedure used for the MFPT calculation at each load level. The correlations 

are displayed as the outer anchor connection between two milestones; the 

transition anchor that links the two milestones together is omitted for clarity. 

Only correlations that are statistically significant (p<0.05) are displayed. 

The thickness of the lines corresponds to the correlation coefficient.  

 

Correlations between the sampled 
ijK  element values and the calculated MFPT 

values were determined for each load level. Positive correlations indicate that increases in 

the 
ijK  element value were correlated with increased MFPT, and therefore the increase in 
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ijK  slowed initiation of unfolding; vice versa for the negative correlations. Plots of these 

correlations illustrate individual transitions that have a retarding influence on the 

initiation of unfolding. Note that a 
ijK  element links two milestones (i and j), and 

therefore three anchors (α:β:γ where milestone i is the interface between anchors α and β 

and milestone j is the interface between β and γ and anchor β is the shared connection 

between the two milestones); these plots illustrate the correlation for a milestone 

transition by showing an edge between the first and third anchor.  

 

 

Figure 3.9. Correlation between the sampled 
ijK   element value and calculated MFPT for 

the transition from the 310:90°>Ψ>0° milestone to the 90°>Ψ>0°:Ψ>90° 

milestone at 0pN.  

 

The highest correlations between ijK  element value and MFPT for all the load 

levels occur for the ijK  elements connecting the Ψ>90° state with the 310, α1, and [none] 

states. Each of these transitions pass through the 90°>Ψ>0° intermediate state on their 

way to the unfolded state. These three transitions represent all the final transitions. 

Interestingly, the values of these transition elements monotonically increase with applied 
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load magnitude. Thus, while the correlation analysis indicates that the final transitions are 

correlated with the calculated MFPT for a given load level, these final transitions do not 

solely determine the MFPT. If the final transition was a true rate-limiting step then the 

calculated MFPT with respect to load would be expected to monotonically follow the 

transition probabilities of the final transitions, which is clearly not the case.  

 

 

Figure 3.10. Transition matrix elements with strong negative correlations with the 

calculated MFPT representing the final transition to the unfolded state. 

Values are the averages determined from the post-processing analysis of the 

simulations and represent the mean values used in the MFPT calculation 

sampling procedure for each load level; error bars represent the standard 

deviation of these transition values throughout the sampling procedure. Note 

that this plot does not explain the non-monotonic behavior of the MFPT. 

 

In addition to the correlations for the final transitions, the overall connectivity of 

the correlation graphs is noteworthy, particularly for the 25pN. The large quantity of 

transition elements whose value correlates with MFPT underscores the highly connected 

nature of the transition matrix in that many transitions—rather than a few, isolated, well-

connected pathways—influence the MFPT calculation. Further, the highly correlated 
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nature of the 25pN graph illustrates the wide variety of states visited at this intermediate 

load level relative to the lower and higher loads. Additionally, the modest—yet still 

significant—values of the correlations further emphasizes the multi-dimensionality of the 

transition network as very high correlations would imply that a few, well-connected 

pathways dominated.  

In addition to the negatively correlated ijK  elements that are associated with 

speeding the initiation of unfolding, a set of positively correlated connections represent 

the milestone transitions associated with slowing the initiation of unfolding. It is 

noteworthy that a large proportion of these retarding transitions represent bond re-

formation. The relative importance of bond re-formation transitions further indicates that, 

even in the presence of large forces, the unfolding of the helical system is diffusive, 

rather than highly directed process. 

 

 

Figure 3.11. Sensivity (
ij ) of the MFPT calculation to changes in the transition matrix 

elements with strong negative correlations to the MFPT. The sensitivity is 

numerically calculated as the slope of the linear regression between MFPT 

and ijK  element values: ij ijif
K    . Negative sensitivities indicate 

that the MFPT decreases as the ijK  element increases.  
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The MFPT calculation displays a strongly negative correlation to the transition 

matrix ijK  elements with the strongest negative correlation to the MFPT (ie., elements 

connecting the Ψ>90° state with the 310, α1, and [none] states). Noticeably, this 

sensitivity is highest for the zero load case (0pN) in which the unfolding event is 

expected to be dependent on thermal motion to significantly perturb the helix. 

Conversely, the sensitivity to individual elements of the transition matrix is lowest for the 

highest load level (100pN), an observation that is supported by the lack of significant 

correlation between these  ijK  elements and the MFPT (Fig. 8). This difference between 

the sensitivity for the zero and high loads suggests that the highest load level has multiple 

parallel pathways available, and therefore a perturbation to one pathway is compensated 

by the other pathways. While the zero load case may have additional pathways available, 

the values of the ijK  matrix elements are 3-5x lower than those in the highest load. 
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Figure 3.12. Sensivity (
ij ) of the MFPT calculation to changes in transition matrix 

elements associated with breaking α-helical hydrogen bonds. The sensitivity 

is numerically calculated as the slope of the linear regression between 

MFPT and ijK  element values: ij ijif
K    . Negative sensitivities 

indicate that the MFPT decreases as the ijK  element increases. Note that the 

filled symbols represent successive bond breakage while the open symbols 

represent hydrogen bond formation. 

 

The sensitivity of individual ijK  element values associated with breaking or 

forming native α-helical hydrogen bonds reveals an asymmetry in which the MFPT 

calculation is 3-5x more sensitive to perturbations in the ijK  elements representing bond 

breakage. This asymmetry may suggest that bond re-formation can occur through a 

variety of means, such as through non-native intermediates. In contrast to the final 

transitions (Fig. 11), the transitions through the different quantities of native α-helical 

bonds are less sensitive to load. Note the relatively extreme insensitivity of the MFPT 

calculation to the formation of π-helical bonds, even for the 25pN intermediate load level. 
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We emphasize that the sensitivity analysis is local and is in the neighborhood of a 

particular value. If the transition probability of a particular edge is very high then the 

MFPT may be insensitive to changes in 
ijK  (that channel is already open) while still 

making significant contribution to the MFPT.  

 

 

3.3.6 Results: MaxFlux Pathway Probability Networks 

MaxFlux pathways were calculated to determine the most likely unfolding 

pathways for each load level. For each load level and each sampled ijK  (and therefore 

each MFPT calculation) a total of three MaxFlux pathways were determined, providing a 

set of MaxFlux pathway triplets for each load. The probabilities of a given edge 

appearing on one of these three MaxFlux pathways was then determined for each load 

level; an edge appearing in more than one pathway for a given sampling of ijK  was only 

counted once. These percentages indicate the most likely MaxFlux pathways for a given 

load level. The density of the graph thus indicates the multitude of parallel unfolding 

pathways possible for each load level. 
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Figure 3.13. MaxFlux pathway distributions representing the probability of a given edge 

being part of one of three MaxFlux pathways calculated for each sampled 

ijK . Color represents the probability of an edge being part of a MaxFlux 

pathway; thickness is the average weight of that edge. The results explored 

1,000 sampled networks at each load. See text on the sensitivity analysis of 

the networks for more details. 

Multiple unfolding pathways were present for all load levels, indicating that the 

unfolding process is a competition between parallel unfolding pathways. The 

overwhelming majority of unfolding pathways pass through the 90°>Ψ>0° state before 

the final transition to the Ψ>90° state. However, there are multiple approaches to this 

penultimate 90°>Ψ>0° state, with highly probable transitions from the 310, α1, and [none] 
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states. Note that this is the same triplet of connections whose ijK  elements are highly 

correlated with the MFPT as discussed above. The parallel nature of the pathways is 

further reinforced in the connections to this triplet of states that connect with the 

90°>Ψ>0° state. 

 

 

Figure 3.14. Average weight (net flux) of the transition edge for the three pathways 

calculated for each iteration of the MFPT calculation at a given load level.  

The transition edge is defined as the edge along a given pathway with the 

lowest net flux, and therefore represents the rate-limiting transition for that 

pathway. Data points are the averages over all 1st, 2nd, or 3rd pathways 

calculated during each iteration of the MPFT calculation sampling 

procedure for a given load level; error bars are the standard deviation of the 

distribution of these weights. 

 

A pathway ‘transition edge’ is defined as the edge with the lowest weight (net 

flux) on a given pathway. The average weights of the transition edges were calculated for 

the three pathways of each load level. These transition edge weights were strongly anti-

correlated with the overall MFPTs with calculated correlation coefficients of -0.91, -0.88, 

and -0.86 for Paths 1-3, respectively. Thus, the magnitudes of the rate limiting transitions 
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of the MaxFlux pathways are strongly related to the overall MFPT calculation. Note that 

these transition weights consider the stationary flux as calculated from the whole 

transition matrix. Thus, in contrast to the transition probabilities ijK  for the highly 

correlated final transitions discussed above (Fig. 14), the transition weight elements 

incorporate effects from the whole network. 

 

 

Figure 3.15. Edge weights (net fluxes) of four key transitions to the 90°>Ψ>0° state. Data 

points are the averages of all samples of the ijK  matrix for the MFPT 

calculation; error bars are the standard deviation of the MFPT computed 

from the samples.  

Interestingly, the 25pN (and 0pN to a lesser extent) pathways have noticeable, if 

not dominant, passages through the π-helical states. These π-helical transitions are 

entirely absent from the 70pN and 100pN MaxFlux pathways. Critically, the edge 

weights to the 90°>Ψ>0° are the lowest from the π12 state relative to the other major 

connections to the 90°>Ψ>0° state (Fig. 15). Thus, the 25pN MaxFlux pathways traverse 
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through the states with the lowest net flux connections to the unfolded states, thereby 

slowing the average process as reflected in the calculated MFPT.  

As noted above for the net flux networks (Fig. 6), the MaxFlux pathways for the 

higher load levels (70pN and 100pN) have a high probability of passing through the 310 

anchor indicative of a ‘stretch’ of the helix that positions 310-helical hydrogen bond donor 

and acceptors in close proximity. In the 100pN case, the MaxFlux pathways through the 

310-helical states are much more probable than those passing directly from the α1 anchor 

to the [none] anchor (the former pathways accounting for 80-100% of the MaxFlux 

pathways while the latter pathways accounting for 0-20% of the MaxFlux pathways). 

 

 

Figure 3.16. Ψ angle distributions for four critical anchors whose interfaces with the 

90°>Ψ>0° state form the majority of transition edges for the MaxFlux 

pathways. Energies are calculated from the Boltzmann inversion of the Ψ 

dihedral angle distribution for each anchor ( ( ) ln[ ( )]anchorE p    ). 

Distributions of the Ψ angle were determined in the zero load case; our 

previous work demonstrated that the Ψ angle distributions for these anchors 

were not qualitatively different at higher loads. Distributions are extracted 

from our previous simulations
1
. 
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The critical edges to the 90°>Ψ>0° state have notable geometric properties related 

to their Ψ dihedral angle. The most probable Ψ angle—and therefore the minimum of the 

energy landscape—for the π12 anchor was found previously to be -80°. Conversely, the 

most probable Ψ angle for the α1 anchor was found at -47° while that of the 310 anchor 

was -36°. Notably, the edge weights for the connections between these anchors and the 

90°>Ψ>0° state for the non-zero load levels followed the same qualitative order (310 > α1 

> π12). Therefore, a transition from the π12 state to the 90°>Ψ>0° state requires 

traversing through, on average, a much larger Ψ dihedral conformational space than is 

required to transition from the 310 anchor.  

Interestingly, the edge weight of the [none]:90°>Ψ>0° transition is intermediate 

between the edge weight of the α1 and 310 transitions to the 90°>Ψ>0° state. Not 

surprisingly given the unstabilized nature of the [none] anchor, the Ψ angle distribution 

for this anchor was previously found to be wider than the distribution for any of the 

single-bond states, with significant overlap between with the π12 Ψ angle distribution. 

Thus, while systems in the [none] state do not need to break a hydrogen bond, they are 

free to explore a wider conformational space that includes more negative Ψ angles more 

reminiscent of the π12 states. This suggests that the hydrogen bonds present in the 310 

state may actually serve to stabilize a near-unfolded state in which the Ψ dihedral angle is 

maintained nearer to the critical transition beyond 0°. 
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3.4 DISCUSSION 

Perhaps the most significant observation of the present simulation studies is that 

the force induced “cracking” of secondary structure elements (helices) occurs via 

dominant reaction pathways that change with respect to load and that the corresponding 

MFPTs is a non-monotonic function of load. This result is supported by large statistics 

and many more load levels compared to an earlier study
1
.  By “crack” we mean the first 

or a few amino acids that adopt extended chain conformations in which the Ψ dihedral 

angle is >90°. The most direct and experimentally testable prediction is presented in Fig. 

3 in which the MFPT has a peak at 20pN. Hence, our simulations suggest that the MFPT 

in the range of 0 to 20pN is first increasing as a function of load and only as the load 

increases further the MFPT drops to lower values. We have conducted the MFPT 

calculations using two different simulation technologies: straightforward MD simulations 

and Milestoning providing further support to the convergence of the atomically detailed 

simulations. However, we comment that the calculations were done with only one 

empirical force field (GROMACS 53a6), leaving open the possibility that inaccuracies in 

the force field impact the observations
11,16,197,198

. 

While the MFPT calculations of this non-equilibrium system are most relevant to 

experiment it is also of considerable interest to investigate the mechanisms of force-

induced cracks. For that purpose we have employed the network picture of Directional 

Milestoning
176,213

. With the network of fluxes at hand we illustrate that there is no single 

reaction pathway, although the number of dominant paths is not large. We showed that at 

intermediate load levels (25pN) (and in accord with the non-monotonic behavior of the 

MFPT) a new flux-channel is open allowing the formation of a π helix (Fig. 4). At low 

load levels the barrier for the formation of the π helix is high and the system remains 

more focus on the direct path. As the load increases to 25pN the path to the π helix is less 
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activated (ie., lower energy) and the system is spending some time at this intermediate 

state (Fig. 4 where red edges indicate higher probabilities). As the load increases further 

to 70pN the off-the-pathway intermediate is eliminated and the networks become more 

direct, as expected at large stretching forces. Typical experimental (Atomic Force 

Microscopy) unfolding forces are 20-40pN which is the intermediate load level in our 

simulations
136

. This observation suggests that for helix cracking the mechanism 

uncovered by the highest load is different from experiment, which in turns is also 

different from the cracking mechanism at 0pN. 

Another summary of our results is provided in Fig. 13 in which we computed 

average MaxFlux pathways from an ensemble of networks. The networks are sampled 

according to the known statistical uncertainties of ijK . For each sampled network we 

compute three MaxFlux pathways and we present the distribution of pathways for all 

samples at a given load. The diversity of pathways is most significant at 25pN in which 

MaxFlux pathways have significant likelihood of passing through the π helix, This 

observation illustrates again (with a different measure) the rise and fall of the off-the-

pathway intermediate as a function of the external load. 

On a more technical note, we provide a number of different views of the cracking 

network. These different views lead to similar mechanistic conclusions and seem to 

support the overall argument. However, they do differ in details and therefore offer 

complementary views. For example, in Fig. 4 we show the probability, pi, that the last 

milestone that was passed is i. For example, at no load the trajectories are most strongly 

occupying the 3/2/1 helical hydrogen bonds. This does not mean however that these 

states are important for the reaction. More relevant to the reaction is the net flux as 

illustrated by Vanden-Eijnden and E in their Transition Path Theory
221

. The flux, q, (not 

necessarily the net flux) is given by p q   where   is the lifetime of the milestone. 
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These net fluxes are presented in Fig. 3.6. We observe in Fig. 3.4 that the probability of 

being at the  helix increases when the load increases from 0pN to 25pN and the 

probabilities of being on the way to the crack decrease. Under the same conditions, the 

lifetime of the π helix increases (Fig. 3.7) and the lifetimes of the edges leading to 

unfolding decreases. Hence the net reactive-flux increases with the two measures, 

probability and the lifetime of the milestone, and these observations are consistent with 

the overall MFPT. 

Another measure that we use to examine the network is sensitivity. We consider 

the major experimental outcome from the network (the MFPT) and its sensitivity to 

individual elements of the transition matrix ijK . For that purpose we examined multiple 

networks generated according to the estimated distributions of the ijK  (Fig. 3.8). This 

analysis examines network stability and potentially identifies bottlenecks. For example, if 

the MFPT is strongly correlated with a particular ijK  element we may assume that this 

transition is critical for the overall rate and consider the corresponding edge to be a 

transition state. Interestingly, not a single element has a correlation coefficient larger than 

the absolute value of 0.5. Hence, according to this measure we expect the network to be 

reasonably stable with respect to perturbations and not to have a clear transition state.  

A more significant correlation is obtained in the analysis of the MaxFlux 

pathways. Each of the sampled networks used in the calculation of the MFPT was used to 

determine a corresponding set of 3 MaxFlux pathways. On each of these pathways we 

determine a “transition state” which is the edge of the minimal flux. The net fluxes 

(weights) of these edges have correlation coefficients greater than 0.8 with the MFPT. 

This observation suggests that for the calculations of the network, the best representation 

is the net-flux level and that the MaxFlux pathways indeed capture the essential features 

of the transition. The different contributions of the “transition states” as a function of load 
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(Fig. 3.14) illustrate again the “anomaly” at intermediate load levels in which the π helix 

makes significant contribution to the reactive flux. 

Our network emphasizes fluxes and as such it is different from other networks 

that emphasize meta-stable states and probabilities of these states
217,219

. Besides the above 

argument suggesting the flux as a natural way of describing complex kinetics, there are 

additional technical points of why we use a flux-based method versus equilibrium and 

meta-stability picture. Metastability arguments that are used in deriving Markov State 

Model are different from Milestoning networks in a number of ways. First a metastable 

state is assumed to be in quasi-equilibrium and is locally described by a Boltzmann 

distribution. This requires a waiting time in the meta-stable state to allow for local 

equilibration. Milestoning does not require local equilibration but rather de-correlation of 

fluxes. Milestoning can therefore use a more fine partition of the states and shorter 

trajectory fragments in the analysis. This fine picture can capture mechanisms even at 

short times. Transition times can be estimated at temporal ranges for which metastability 

and local equilibrium have not been reached (yet). We have illustrated that de-correlation 

times can be as short as a few hundred femtoseconds, still providing accurate overall 

kinetics
213

. Hence Milestoning makes it possible to obtain accurate kinetics starting from 

picoseconds and going forward to exceptionally long time scales (e.g. hours
220

). An 

advantage of the Markov State Model is that the book keeping is simpler and the number 

of states is smaller compared to the Milestoning method. An interesting recent 

development is the merging of the two technologies
218

. 
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3.5 CONCLUSIONS 

We investigated, using straightforward Molecular Dynamic simulations and 

Milestoning analyses, the cracking of a long helix that is used in molecular machines. 

The cracking under load is expected to be relevant to biophysical studies of folding and 

unfolding of secondary structure elements. We observed non-monotonic behavior of the 

Mean First Passage Time, which is a prediction of the present study that can be tested 

experimentally and may be related to the catch-bond phenomenon of biophysics. Using a 

network description of the kinetic we examined the mechanism of crack formation and 

identify an off-the-pathway state (the  helix) that is active at intermediate load levels 

and causes the non-monotonic behavior of the MFPT. Network analyses were illustrated 

to be useful tools in studying complex dynamics of biological molecules. 
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Coiled-Coil Response to Mechanical Force: Global Stability, Local 

Cracking and a Turnover in Unfolding Kinetics 

4.1 INTRODUCTION 

This work examines a 224 residue, ~16nm long fragment of the β-myosin S2 

coiled-coil
32

 through constant force molecular dynamics simulations, analysis of coarse-

grained variables describing the progression of unfolding, and kinetic post-processing of 

both straightforward and enhanced sampling simulations via the Milestoning analysis 

framework. We reveal the effect of six load levels (0pN, 25pN, 50pN, 75pN, 100pN, and 

200pN) on molecular-scale metrics as well as the kinetics of the initiation of unfolding of 

a key, relatively unstable residue known to be involved in inter-molecular binding and 

disease (E929)
43

. Finally, we compare the initiation of unfolding of a residue within the 

coiled-coil structure to that of the average residue of an isolated α-helix with the same 

sequence as the chains of the coiled-coil based on our previous work
1
. 
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4.2 METHODS 

4.2.1 Simulation Conditions 

The 2fxm.pdb structure of the human β-myosin S2 fragment containing a two-

helix coiled coil was used as the base structure
32

. The length of chain A of the base 

structure was reduced to provide two chains of equal length, leaving residues A850-L961 

for both helices. Forces (0pN, 25pN, 50pN, 75pN, 100pN, and 200pN) were distributed 

across the 18 residues on either end of both chains (18x2=36 residues per end). The 

residues of the loaded groups were A850-E867 and E944-L961. The force magnitudes 

referenced throughout are the total on both chains. Forces were applied along the nominal 

longitudinal axis of the coiled-coil. 

Simulations were performed with the GROMACS 4.0.5
155

 distribution using the 

GROMOS96 '53a6' united-atom force field
178

 with a 2fs time step. The original structure 

was placed in an explicit (SPC model) water-filled box large enough to ensure 1.2nm of 

solvation surrounding the helix in the x, y, and z directions, resulting in a 

5.1x6.5x19.1nm rectangular box. System charge neutrality was enforced by adding 62 

Na+ and 38 Cl- counter-ions at a concentration of 0.1 mole/liter, resulting in a full system 

containing 2300 protein atoms and 19,562 water molecules, in addition to these counter-

ions. Periodic boundary conditions were used throughout all phases of the MD 

simulations as was the parallel processing version of the LINCS
179

 constraint on fast 

bond dynamics. A Nose-Hoover
181,182

 thermostat with a relaxation constant of 0.1ps was 

used to maintain a 310K temperature and a Parrinello-Rahman
183

 barostat with a coupling 

constant of 1.0ps was used to maintain a constant pressure of 1atm. Coulomb and van der 

Waals cut-off radii for local interactions were set at 1.4nm while Particle Mesh Ewald
184

 

was used for long-range electrostatics. The 10 seeds used for the straightforward 

simulations were obtained from sampling an initial 1ns equilibrium simulation. All 
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simulations were run on the Texas Advanced Computing Center’s (TACC) Sun 

Constellation Linux Cluster, Ranger (www.tacc.utexas.edu).  

 

4.2.2 Milestoning 

4.2.2.1 Basic Milestoning Theory & the Calculation of the MFPT 

The Milestoning trajectories that are the outcome of the coarse-grain projection 

discussed below are used to generate the fundamental quantities of the Milestoning 

theory
17,148,176,186,213,222

. A critical function to Milestoning is  ijK t . The transition kernel 

 ijK t  is an ‘n x n’ matrix (where ‘n’ is the number of milestones) that contains the 

probability of transitioning from milestone ‘i’ (given that we start in ‘i’) to milestone ‘j’ 

and is estimated by ( ) /ij in t n , in which ( )ijn t  is the number of trajectory fragments 

transitioning from milestone ‘i’ to milestone ‘j’ (passing milestone ‘j’ for the first time 

while the previous milestone passed is ‘i’) at time ‘t’ and in  is the number of trajectories 

initiated at milestone i .  

If we focus on equilibrium properties and on the Mean First Passage Time (the 

mean of the times that it takes the system to reach a pre-defined target for the first time: 

MFPT), then only the zero and the first moments of  ijK t  as a function of time are 

required. The zero moment, which we call the transition matrix, is  
0

ij ijK K t dt



   and 

the first moment is  
0

ij ijt tK t dt



  . We use below the average lifetime of a milestone, 

i
 , which is the time that the trajectory spends after hitting milestone ‘i’ before 

crossing (any) other milestone. It is defined by  
0

i ji
j

j

j

it t K t dt
 

   
 

   . Thus, 

the system is reduced from an atomic description to a lower dimensionality mesh in 

http://www.tacc.utexas.edu/
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coarse-grained space considering only the initiating milestone, terminating milestone, and 

time. 

These two fundamental quantities are then used to calculate the Mean First 

Passage Time (MFPT or 
if

 ) from Milestone i  to the final (assumed absorbing) 

Milestone f by: 

 

 
1

if ij j
j

i
p 


  I K                                                          (4.1) 

where the initial milestone distribution ip  is the initial (t=0) probability density, I  is the 

identity matrix and ijK  is an element of the transition matrix (    
0

ijij
K t dt



 K ). In 

order to model an absorbing boundary condition at f we set 0  fiK i  . Hence, 

trajectories that arrive to the final state vanish. Note the important difference between 

j
  and 

if
 : the former is the average lifetime of individual Milestones (j) and the 

latter is the Mean First Passage Time between the initiating Milestones (i) and absorbing 

Milestones i  and  f , respectively. 

 

4.2.2.2 Stationary Flux and Net Flux Calculation 

To obtain stationary flux we set the elements of the transition matrix to 

0   1fiK i   and 1 1fK  . This choice creates a cycle in which trajectories that make it 

to the absorbing boundary at f are immediately moved back to the origin. The transition 

matrix and average milestone lifetimes can also be used to calculate the stationary 

probability distribution ,i statp  of being in a state i (the last Milestone that was passed is i) 

as well as the stationary reactive flux vector ( statq ). The stationary reactive flux vector is 
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calculated directly from the linear equation below or alternatively as the eigenvector with 

zero eigenvalue of the matrix I-K. 

  0stat  q I K                                                                          (4.2) 

The stationary probability distribution is a function of both the transition matrix—

via the stationary reactive flux vector--and the average milestone lifetime
148

: 

 ,i stat t i istap  q                                                                     (4.3) 

where the multiplication is of the i-th elements and is not a vector dot product. Note that 

the stationary probability distribution is not normalized, as written. This is because it is 

determined from the flux vector (a solution of Eq. (4.2)) which is known up to a positive 

scaling factor. The normalized probability distribution is simply 

 

 
,

stat i i
i stat

stat i i
i

p









q

q
                                                               (4.4) 

The net flux between any two anchors (β & γ) is defined as the difference in the 

stationary flux value for the two directional milestones (i & j) linking these two anchors 

(where i is the interface representing a transition from β → γ and j is the interface 

representing the γ → β transition). Thus, 
,stat i jq q q   . 

 

4.2.2.3 Statistical Analysis of the Milestoning Network 

At the core of the Milestoning calculations is the matrix ijK . The accuracy of the 

MFPT calculation is determined by the precision of this matrix, which is subject to 

unknown sampling errors. In order to provide an estimation of this uncertainty we 

implement a statistical sampling approach. Note that the matrix element ijK  is a random 

variable that is obtained as a sum of other random variables. The elementary event that is 

used to compute ijK  is the outcome of a trajectory. A trajectory initiated at milestone i 
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may (or may not) transition to milestone j. Hence, for this single event, ijK  can be one or 

zero. As more events are collected we improve our estimate of ijK  as an average of 

zeroes and ones. We write 

( ), ( ),

1,...,

1

i

ij k l j k l j

l nin
 



 K                                                       (4.5) 

where in  is the number of trajectories we have initiated at milestone i , l  is the trajectory 

index, k(l) is the outcome, terminating milestone of trajectory fragment l , and 
 ,k l j

  is 

the Kronecker delta function which is zero if the terminating milestone, k, of the l -th 

trajectory fragment is different from j . It is one otherwise. 

As is typical for statistical mechanics calculations, the trajectories are assumed to 

be independent and are sampled from the correct distribution. Following the Central 

Limit Theorem, we can therefore assume that ijK  is sampled from a normal distribution 

for a sufficiently large number of initial trajectories. We estimate the parameters of the 

normal distribution (mean,   and variance 
2 ) from the trajectory data. 

   

2

2 2 2

, ,

   

1 1

ij ij

ij ij ijk l j k l j
l li in n



  



 
    

 
 

K

K K
                                    (4.6) 

The variance of the average < ijK > is 
2

ij in . Of course, we must also satisfy the 

intrinsic constraint that the probability of the trajectory to go somewhere is one: 

1ij

j

K . We impose this constraint by sampling the individual elements of the ijK  

completely independently from the normal distribution for each individual element 

 2, /N N   and we normalize each of the elements by the sum of the sampled 

elements of a given row of the matrix (ie., for each milestone). Hence from a complete 

row of M milestones only M-1 elements are independent. A similar procedure is used for 

the milestone lifetime 
i

  where all the elements of the life time vector are assumed 
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independent and normalization is not required. This sampling procedure was repeated 

1000 times for each load level, providing a distribution of 1000 MFPT values and 

associated quantities derived from the transition matrix and milestone lifetime vector 

(such as the milestone probability, ,i statp , and stationary flux, statq ).  

 

4.2.2.4 Incorporation of Enhanced Sampling Transition Data 

The transition matrix was created from both a set of original straightforward (SF) 

simulations and a series of enhanced sampling (ES) simulations. The ES simulations 

were targeted to specific, high-energy activated milestones that are inadequately sampled 

in the SF simulations (see below for a description of the enhanced sampling procedure). 

The ES simulations make it possible to have a fully connected kinetic matrix. This 

approach is used extensively in typical Milestoning applications
17,176,213

. Each type of 

simulation produces a quantity of milestone transitions that must be combined to form the 

overall transition matrix used in the MFPT calculation and the network analysis. We 

define 
SF

ijn  as the quantity of i→j transitions from the straightforward simulations, 
,ES

ijn 

as the quantity of i→j transitions from ES simulation Ω. Similarly, SF

in  and ,ES

in   are the 

total number of visits to the milestone i in the SF and ES simulations, respectively. With 

these definitions in hand, the transition matrix is defined as: 

                                

,

,

SF ES

ij ij

ij SF ES

i i

n n
K

n n










                         (4.7) 

where the summation is over all ES simulations with the additional criteria that the only 

milestone transitions included from an ES simulation are the milestone transitions from 

the milestone targeted by the ES simulation. As described below (4.2.3), the first step of a 

set of ES simulations is a simulation in which the system is restrained to the milestone of 

interest. This milestone to which the system is restrained is the target milestone i.  
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4.2.2.5 Anchor Definitions 

The atomically detailed trajectories produced by GROMACS were mapped to a 

previously implemented coarse-grained space where each state in this coarse-grained 

space is referred to as an ‘anchor’ in the language of Milestoning. Note that the 

‘milestones’ used in Milestoning are defined as the interface between these anchors (ie., a 

transition from one anchor to another). Location within the implemented anchor space is 

defined based on (a) the quantity and type, which is a function of the spacing between the 

donor and acceptor atoms, of hydrogen bonds and (b) the value of the Ψ dihedral angle. 

Based on previous results, other metrics (such as the Φ dihedral angle) are ignored in the 

current analysis. 

Three types of hydrogen bonds that ‘span’ the residue of interest are considered 

based on the specific donor and acceptor atoms: 310, α-, and π-helical in which the 

carbonyl group from residue ‘i’ (which can be any of a number of residues that precede 

the residue of interest) forms a hydrogen bond with the amide group of residue ‘i+3’, 

‘i+4’, or ‘i+5’, respectively. Note that ‘spanning the residue’ refers here to hydrogen 

bonds in which the carbonyl-group donor precedes and the amide-group acceptor 

succeeds the residue of interest. Note that the ‘spanning’ condition allows a maximum of 

2, 3, or 4 hydrogen bonds to span a residue if the bonds at a specific time are 310, α-, and 

π-helical in nature, respectively. A hydrogen bond is considered to exist if the donor-

acceptor (N-O) distance is <0.35nm and the angle between the N-H and N-O vectors is 

>150°. The anchors used here are defined based on the combination of the Ψ dihedral 

angle and type / quantity of hydrogen bonds at a given instant of simulation time. In 

addition to anchors defined by intact hydrogen bonds, there is a ‘none’ state in which no 
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hydrogen bonds are formed but the Ψ angle is <0°. Further, a Ψ angle >90° is used to 

define when a residue has initiated unfolding—and is therefore at the final state for the 

present analysis; an intermediate unfolded state is defined by 0°<Ψ<90°.  

 

 

Table 4.1. Anchor definitions as a function of the quantity and type of hydrogen bond 

spanning the residue of interest and the Ψ dihedral angle. The keyword 

‘any’ indicates that any quantity of a given type of hydrogen bond may be 

present for a given anchor; for example, the 310 state can have ‘any’ number 

of 310-helical bonds (for this anchor, that would be either 1 or 2 bonds). 

Note that some anchors allow a variable quantity of hydrogen bonds; for 

example, the π34 anchor can have either 3 or 4 π-helical hydrogen bonds. 

The full atomically detailed trajectories computed with GROMACS 

addressed in section 2.1 are mapped to Milestoning trajectories and are used 

to compute 
ijK  and 

i
 . 

4.2.3 Simulation Flow 

The lack of unfolding across a range of test load levels in a series of 

straightforward molecular dynamics simulations (the ‘original simulations’) revealed the 

310 α π

Ψ > 90 any any any > 90, < -150

90 > Ψ > 0 any any any 0 - 90

none 0 0 0 <0

310 any 0 0 < 0

310/α2 any 2 0 < 0

310/α1 any 1 0 < 0

α3 0 3 0 < 0

α2 0 2 0 < 0

α1 0 1 0 < 0

π/α3 0 3 any < 0

π/α2 0 2 any < 0

π/α1 0 1 any < 0

π12 0 0 1 or 2 < 0

π34 0 0 3 or 4 < 0

Anchor  

Designation

Quantity of Hydrogen 

Bonds
Ψ Angle 

Values        

(degrees)
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necessity for enhanced sampling to fully populate the transition matrix and milestone 

lifetime vectors.  

 

Figure 4.1. Schematic of the three main stages of simulations. The straightforward 

simulations (SF) are initiated from MST i and allowed to evolve over 20ns. 

While some of the SF simulations may reach the unfolded, destination MST 

many of the simulations do not. Enhanced simulations (ES) are prepared by 

identifying a seed for the restrained simulations from an image of the SFs 

that reached the target, barrier milestone (β). This structure is then restrained 

to β and a short simulation with the restraints provides a sampling of β. ES 

simulations are initiated from structures sampled in the restrained 

simulations. Each ES seed is first tested to determine if the structure is a first 

hitting point by examining if the random velocities used at the initiation of 

the ES simulation evolve the structure to another MST (dashed blue) or to a 

recrossing of β (red). Those simulations that recross are discarded. ES 

structure / velocity combinations that hit another MST first (dashed blue) are 

used with the negative of the test velocity and allowed to evolve (solid 

blue), hopefully to MST ‘f’. 
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The simulation steps are: 

1. A set of 20ns straightforward simulations was used to populate the low energy 

accessible states and to provide seeds at specific, activated milestones for 

enhanced sampling; 

2. A set of structures were extracted from these original simulations as the ‘enhanced 

sampling seeds’. 

3. A series of short (1ns) simulations were performed for each enhanced sampling seed 

with the critical degrees of freedom defining the desired milestones restrained 

through the application of quasi-harmonic restraints. 4. Fifty structures were 

sampled from each restrained simulation and used for even shorter (50ps) ‘post-

restraint’ simulations to populate the transition matrix and milestone lifetime 

vector entries of the milestones selected for enhanced sampling.  

 

The transition data from the post-restraint simulations was then combined with 

the transition data from the straightforward simulations to create the transition matrix and 

milestone lifetime vector data (both means and variances) used for the MFPT calculation 

sampling procedure as outlined above (Eqn. 4.7). 

 

4.2.3.1 Original Simulations 

A set of 20 straightforward (SF) simulations were run at each load level to 

provide both the seeds for enhanced simulations (ES) as well as the Milestoning data for 

the low energy, easily accessible states. A 2ns equilibrium (ie., no load) simulation was 

run after equilibration to provide the 10 original simulation seeds extracted every 200ps. 
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The same set of original simulation seeds were used for each load level with each of the 

10 seeds repeated twice and random initial velocities used for each distinct simulation. 

The SF simulations were run for 20ns each, providing a total of 400ns of SF simulation 

data for each load level and a total of 2.4μs of SF data.  

 

4.2.3.2 Identification of Enhanced Sampling Seeds 

In order to better sample the relatively rare transitions associated with unfolding, 

a set of structures were simulated with distance and dihedral angle restraints to provide 

enhanced sampling. Table 2 lists the target milestones as well as the number of 

simulations initiated per load at each target milestone as well as statistics for the sampling 

enhancement of the 0pN ES simulations. As the 20ns original simulations provided good 

sampling of the milestones in the folded conformations, all five enhanced sampling 

milestones were selected due to their likelihood to sample the unfolded states based on 

both explicit proximity of the milestones to unfolding as well as knowledge of the 

unfolding pathways for individual α-helices.  

All enhanced sampling seeds must first on satisfy the desired milestone definition 

(ie., the last milestone passed corresponded to the target milestone). Additionally, the 

seeds selected had two of three α-helical hydrogen bond distances that were within one 

standard deviation of the average hydrogen bond distances for the desired milestone. An 

analogous procedure was implemented for the psi dihedral angle. Candidate enhanced 

sampling seeds had to meet both the hydrogen bond and psi dihedral angle criteria to be 

considered. This pool of candidate restrained seeds was further filtered by eliminating 

any candidates whose neighboring 2 residues in the C- and N-terminal directions had 

positive psi angles. This filter on neighboring residues ensured that the seeds selected for 
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restrained simulations were unfolding initiation events rather than propagation events. 

Utilized seeds were selected from the candidates randomly but with a bias towards seeds 

obtained from early portion of the SF simulations (t<5ns).  

 

 

Table 4.2. Target milestones of the enhanced sampling simulations (rows), the number of 

ES simulations per load (column 2), data for the number of recrossing 

events that were discarded for the 0pN ES simulations (column 3) and the 

number of unfolding events from the 0pN ES simulations (column 4). As 

noted in the text, structure / velocity combinations leading to recrossing 

events are assumed to not be part of the first hitting distribution of the target 

milestone and are therefore discarded
176,213

.  

4.2.3.3 Restrained Simulations 

Restraint to the target milestone was enforced through the application of three sets 

of restraints: (a) distance restraints for the three α-helical hydrogen bonds, (b) distance 

restraints on the two 310-helical hydrogen bonds, and (c) a Ψ dihedral angle restraint. The 

distance restraints in GROMACS are enforced with a piecewise potential form defined by 

three distances. The potential is quadratic below a lower bound, zero between the lowest 

and intermediate bound, quadratic between the intermediate and upper bounds, and linear 

beyond the highest bound. Thus, three distances define the distance restraint potential and 

provide an opportunity to sample between the lower and intermediate bound without 

penalty. Each distance restraint here was constructed with a 0.1nm increment between the 

three bounds. For all seeds, the α-helical restraints were enforced by setting the lowest 

Target 

Milestone

# of Simulations 

Initiated per Load

# of Recrossing 

Events (0pN)

# of Visits to 

Ψ>90  (0pN)

310:α1 250 13 6

α1:none 500 33 2

none:90 >Ψ>0 500 53 113

310:90 >Ψ>0 500 62 109

α1:90 >Ψ>0 500 42 90
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bound of each α-helical hydrogen bond equal to that distance in the structure of the 

enhanced sampling seed. Restraints on the 310-helical bonds were enforced at either (a) 

the distance in the seed structure or (a) a minimum distance of 0.4nm depending on 

whether the milestone of interest had a 310-related anchor or not, respectively. The 

dihedral angle was restrained to the psi angle at the instant in the original simulations 

selected for the seed of interest. 

The set of selected enhanced sampling seeds were used for all load levels. The 

1ns restraint simulations were run in the presence of the applied loads to ensure that any 

effects of the loads on the structure were present when the enhanced sampling 

simulations were initiated. A total of 50 post-restraint ES seeds were selected at 20ps 

increments from each restrained simulation.  

 

4.2.3.4 Enhanced Sampling Simulations 

The atoms of each ES seed selected from the restraint simulations were given a 

random ‘test’ initial velocity prior to the ES simulation. This combination of ES structure 

and random initial velocity was tested to determine if the combination represented a first 

hitting point of the targeted milestone. To implement the test, each ES seed was run for 

20ps to determine if a milestone other than the target milestone was hit prior to any 

recrossing of the target milestone. If recrossing occurred before reaching another 

milestone then the combination of the ES structure and velocities were assumed not to be 

part of the first hitting distribution (FHD) and this structure / velocity pair was discarded 

without replacement. If another milestone was reached prior to recrossing (or if 

recrossing did not occur), then the structure / velocity combination is assumed to be part 

of the first hitting distribution
176,213

. The full ES simulation is then run with the negative 
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of the test velocities, with the interpretation that the test velocities represent a 

‘backwards’ integration to determine the milestone the ES structure / velocity 

combination last passed. ES structure / velocity combinations that were determined to be 

part of the FHD were run for 50ps.  
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4.3 RESULTS 

4.3.1 Results: Original Simulations 

 

Table 4.3. Original simulation refolding event summary. Unfolding events are defined by 

the first instance within a simulation of a psi dihedral angle above 90°; the 

last column lists the residue of this first instance. Refolding events are 

defined by the residue of the initial unfolding event having an AA-state with 

an intact hydrogen bond at the end of the 20ns simulation. Hopping events 

are determined by the appearance of unfolding events on both chains at 

locations within 5 residues of each other. The residue of unfolding is from 

either chain A or chain B. Data (t unfold and residue #) relating to refolding 

events are shown in parentheses.  

Analysis of the original simulations reveals the stability of the coiled-coil, even in 

the presence of loads many times larger than the force-generating capability of individual 

myosin heads (~5pN). The stability is marked both by the relatively long simulation 

times required for unfolding (>10ns) as well as a strong propensity of unfolding events to 

refold at low (<100pN) load levels. The stability demonstrated over 20ns simulation 

times provides motivation for the use of enhanced sampling procedures to better probe 

the structural transitions occurring between high energy, activated states of the system. 

Enhanced sampling results are presented below. Note that we measure the first ‘cracking’ 

event which does not imply complete unfolding. Unfolding of the full coiled-coil may 

require significantly longer times. 
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Additionally, unfolding events at these lower load levels do not show a strong 

proclivity to ‘hop’ between helices of the coiled-coil, indicating that any lasting 

instability that occurs remains localized. Only under the highest load level tested (200pN) 

does the inter-strand propagation of unfolding become apparent, and even at this highest 

load hopping is not guaranteed (4 of 10 simulations either did not unfold or did not 

propagate within the 20ns simulation time).  

The unfolding events that did occur were noticeably centered on residues 928-931 

on either chain A or chain B (note that each chain has the same sequence). Of 25 

unfolding events registered during the initial simulations, 17 occurred in this residue 

range. Additionally, 11 of these 17 occurred on residue 929. For this reason, residue 929 

is used as the focus of the enhanced simulation simulations described below. These 

residues are found within a larger, negatively charged block of residues from 921-935 

that has been implicated in binding to other proteins. The propensity of unfolding events 

to occur in residues 928-931 is noteworthy as this block of residues has a highly charged 

sequence of DEEE. Notably, residue 929 is in the normally hydrophobic ‘d’ position of 

the heptad repeat structure. While there are four other instances of a charged residue 

occupying either the ‘a’ or ‘d’ hydrophobic residue of the heptad repeat, residue 929 is 

the only instance in the studied sequence in which there is not a hydrophobic residue 

either before or after the ‘a’ or ‘d’ position. Thus, the 928-931 residue range represents a 

clear disruption to the hydrophobic complementarity that is a hallmark of coiled-coils and 

this disruption is highly correlated with the initiation of unfolding events. 
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4.3.2 Results: Heptad Repeat Hydrophobic Residue Exposure 

The solvent accessible hydrophobic surface area (SASA) of the ‘a’ and ‘d’ 

hydrophobic heptad repeat residues was determined throughout the original simulations 

to test the role of the burial of these hydrophobic residues in stabilizing the coiled-coil 

structure. All hydrophobic residues occupying the ‘a’ and ‘d’ positions were included in 

the calculation which was performed using the GROMACS ‘g_sas’ utility. The resulting 

hydrophobic surface area trajectories were used to generate probability distributions for 

the SASA, p(SASA) for all simulation time prior to the initiation of unfolding. These 

probability distributions were converted to an energy landscape via Boltzmann inversion. 

 

 

Figure 4.2. Energy landscape of the total solvent accessible hydrophobic surface area 

(SASA) of the heptad repeat ‘a’ and ‘d’ hydrophobic residues as a function 

of load. The total SASA of the ‘a’ and ‘d’ hydrophobic residues of the 

analysis section was calculated at each image of the original simulations. 

Probability distributions of the SASA trajectories were calculated over all 

ten 20ns simulations at each load level. Data after the first unfolding event 

for each simulation was discarded. The energy landscape was calculated 

through a Boltzmann inversion of the SASA probability distribution: 

U(SASA)=-ln[p(SASA)].  
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It is clear from the energy landscapes that the average value (which corresponds 

to the energy minima) of the SASA is independent of load magnitude. Thus, applied 

loads do not significantly destabilize the inter-helix interactions that result from 

hydrophobic surface complementarity. While not a regular enough feature of the 

probability distribution to shift the SASA mean, the lower load levels (≤100pN) show a 

noticeable decrease in the energy landscape at higher SASA levels corresponding to 

increased exposure of the ‘a’ / ‘d’ heptad repeat residues. This decrease in the energy 

landscape is most pronounced in the simulations without load (0pN) but is absent from 

the highest load level (200pN). These SASA results are suggestive of the highest load 

level providing a stabilization of the overall coiled-coil structure even as the unfolding 

results indicate that this highest load level enhances the rate of localized unfolding 

events. 

4.3.3 Results: Coil Stabilization via Inter-Helix Hydrogen Bonds 
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Figure 4.3. Probability distribution of the inter-helix hydrogen bond quantity as a 

function of load. All possible inter-helix hydrogen bonds were evaluated at 

each saved image of the original simulations. Intact hydrogen bonds were 

determined by the GROMACS ‘g_hbond’ utility according to a distance 

(donor and acceptor distance less than 0.35nm) and angle (angle between 

the donor-hydrogen and donor-acceptor vectors less than 30 degrees) 

criteria. The probability distribution was calculated over all ten 20ns 

simulations for each load. 

In addition to stabilization via the burial of the ‘a’ and ‘d’ hydrophobic residues, 

pairwise interactions (hydrogen bonds) between the ‘e’ and ‘g’ heptad locations is 

thought to contribute to inter-helix stability. To assess the stabilization provided by such 

interactions as well as the role of applied load in governing these interactions the quantity 

of inter-helix hydrogen bonds was determined using the GROMACS utility ‘g_hbond’. 

All possible inter-helix hydrogen bonds were evaluated at each saved image of the 

simulations prior to the first unfolding event. The resulting trajectories of hydrogen bond 

quantity were converted to a probability distribution for each load level. 

The average quantity of intact hydrogen bonds (~5) represents only a fraction of 

the possible hydrogen bonds that could form between the ‘e’ and ‘g’ positions of the 

coiled-coil section analyzed here. The analysis section examined includes 10 heptad 

repeats and each heptad repeat classically supports two inter-strand hydrogen bonds. 
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Additionally, note that the quantification of the hydrogen bonds was between any two 

inter-helix residues of the coil, and therefore not limited to the ‘e’ and ‘g’ positions. 

Furthermore, note that the hydrogen bond quantity distributions are independent of load 

magnitude. The load independence suggests that these inter-helix bonds are not 

responsible for load-sharing between the helices as such load-sharing would be expected 

to result in fewer intact bonds at greater load magnitudes. 

 

4.3.4 Results: Residue Stability 

The stability of specific residue locations along the length of the coil was assessed 

by direct computation (ie., without using the Milestoning post-processing analysis) of the 

anchor probability of each residue. Anchor probabilities were determined by first 

converting the atomic trajectory into the coarse-grained ‘AA-state’ space of the anchor 

definitions (see Table 1), assigning each residue to a specific anchor (AA-state) at each 

simulation image. These coarse-grain trajectories were then used to determine the 

probability distribution of each residue prior to the first unfolding event. 
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Figure 4.4. Probability of chain A residues in the α3 (top) and 310 (bottom) AA-states as a 

function of position and load magnitude. AA-state probabilities were 

calculated over all images of the ten 20ns simulations for each load. Note 

that the scale of the p(310) distribution (bottom) is one-tenth that of the p(α3) 

distribution (top). Chain B probability distributions are indistinguishable 

from chain A distributions and are therefore omitted. The chain A sequence 

is reprinted below the probability distributions, with negative amino acids 

colored blue, negative amino acids red and non-charged amino acids black. 

The boxed regions refer to heavily charged domains thought to be involved 

in protein-binding and disease
43

. 

 

The clear preference (p>70%) of all positions along the coil was to remain in the 

native, α3 AA-state in which all three α-helical hydrogen bonds spanning the residue are 

simultaneously intact. The α2 AA-state in which only one native α-helical hydrogen bond 
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is broken was the second most populated AA-state, accounting for an additional 10-20% 

of the probability. This overwhelming preference for the native state is in agreement with 

the unfolding results from the initial simulations in demonstrating the clear stability of 

the coiled-coil over the tested simulation duration (20ns), even in the presence of 

relatively large applied forces. Additionally, the π-helical states are not significantly 

populated (p<1%) for all residues and at all load levels, in noted contrast to the results 

from isolated α-helices. 

The probability distributions shown in Fig. 3 illustrate the independence of the 

overall coil stability to the applied load magnitude prior to the initiation of localized 

unfolding events. While there is an extremely slight increase in the probability of 

occupying an AA-state in which a 310-helical hydrogen bond is formed at the highest load 

level (200pN), the α3 distribution is independent of applied load. In addition to the 

independence of AA-state with respect to load, the probability distributions were 

independent of the specific helix examined (not shown) as expected for the coil examined 

in which the two helices have the same sequence. 

Comparison of the AA-state probabilities along the length of the coil indicates a 

clear dependence on residue location. Of particular interest are the two negatively 

charged regions, residues 894-906 and 921-935. The first region shows stability as 

demonstrated by the relatively low p(310) values for the majority of the region, with the 

noticeable exception of residue 898. In contrast, the second region shows both a 

diminished p(α3) as well as an increased p(310). Note that this second region is the 

location of the majority of unfolding events directly observed in the straightforward 

simulations.  

Additionally, the periodic ‘spiked’ appearance of the p(310) distribution aligns 

with the heptad repeat structure. The spikes indicate that the residues in the ‘a’ and ‘d’ 



 187 

positions, whose hydrophobic side chains are prototypically buried, are more likely to 

form 310-helical hydrogen bonds. Thus, the formation of 310-helical bonds appears to be 

dependent on the position of a given residue relative to the larger coiled-coil structure. 

 

4.3.5 Inter-Helix Unfolding Propagation 

 

Figure 4.5. AA-state probability of residues 927-931 of chain B at various stages of chain 

A residue 929 unfolding. The three stages of chain A residue unfolding are: 

(top) no unfolding events, (middle) only residue 929 of chain A unfolded, 

and (bottom) residue 929 and at least one neighbor (residues 927-928 and 

930-931) of 929 are unfolded. All data is from the 200pN simulations. The 

AA-state probability of each residue was calculated for all images prior to 

unfolding of any of residues 927-931 of chain B (therefore there is no 

probability associated with the Ψ>90° AA-state). All AA-states containing a 

π-helical hydrogen bond are collapsed into the ‘pi’ designation; likewise for 

all AA-states with 310-helical bonds with the ‘310’ designation.  
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The ability of localized unfolding events to propagate between helices of the coil 

was assessed by examining the AA-state probabilities of residues 927-931 on chain B at 

three stages of unfolding of residue 929 on chain A (r929-A): (a) prior to unfolding of 

r929-A, (b) after only r929-A has unfolded, and (c) after r929-A and at least one neighbor 

(+/- 2 residues) of r929-A has unfolded. Due to the lack of inter-helix unfolding 

propagation at low load levels, only data from the 200pN simulations was used; only the 

straightforward simulation data was included. Only chain B data prior to the initiation of 

chain B unfolding was included in the probability calculation. Probabilities were directly 

computed (ie., without using Milestoning post-processing analysis) from the AA-state 

trajectories of residues 927-931 of chain B. 

As illustrated by the agreement between Fig. 4.5 (top) and Fig. 4.5 (middle), inter-

helix unfolding propagation does not occur when only a single residue (r929-A) is 

unfolded. However, there is a deleterious effect on the stability of chain B when more 

than one residue of chain A unfolds, as illustrated in Fig. 4.5 (bottom). Whereas the 

native α3 (and α2 to a lesser extent) AA-states dominate in stages (a) and (b) of r929-A 

unfolding, there is no dominant state—and therefore lower stability--once more than one 

residue in the vicinity of r929-A unfolds. Indeed, the ‘none’ AA-state characterized by a 

negative Ψ angle but zero intact hydrogen bonds is one of the most populated AA-states 

in stage (c) of r929-A unfolding.  

Thus, while the presence of a second coil may induce long unfolding times 

relative to an isolated helix of the same sequence), coil stability is disrupted once local 

(ie., single chain) unfolding events propagate. This suggests that a key determinant of 

overall coil stability is the ability of applied loads to effect a propagation of initiated 

unfolding events. Therefore, load magnitudes incapable of propagating unfolding--



 189 

including the lower loads in which refolding was observed during the straightforward 

simulations--are unlikely to sustain catastrophic unfolding disrupting the entire coiled 

coil. This residue-level observation is corroborated by the quantity of simulations that 

‘hop’ between helices of the coil (Table 3). 

 

4.3.6 Results: MFPT of Residue 929 Unfolding Initiation 

 

Figure 4.6. Mean First Passage Time (MFPT) of the initiation of residue 929 unfolding as 

a function of load. MFPT was calculated with Equation 1 using the 

transition matrix and milestone lifetime vector built from both the 

straightforward simulations and the enhanced sampling simulations. Data 

points are the average of the MFPT calculation sampling procedure and the 

error bars are the standard deviation of the calculated MFPT distributions. 

 

The MFPT of the initiation of unfolding of residue 929 was calculated with the 

Milestoning equations using a combination of both the straightforward simulations and 

the enhanced sampling simulations. An iterative sampling procedure was used to 

establish the degree of confidence in the calculated MFPT values for each load level 

based on the quality of sampling of individual milestone transitions. Residue 929 was 
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chosen as the focus based on the observation from the straightforward simulations that 

nearly half (11 of 25) of all unfolding events observed occurred at this residue while 

another 6 unfolding events occurred on a neighboring (+/- 2) residue. 

The MFPT of the initiation of unfolding is at least an order of magnitude longer 

for an individual residue in a coiled-coil than it is for a residue of an isolated helix with 

the same sequence (which was previously found to be ~2-5ns). This order of magnitude 

slow-down due to the presence of the second helix underscores the relative stability of the 

coiled-coil structure. Note that the calculated MFPT values presented here are in 

qualitative agreement with the results from the straightforward simulations. At the lower 

load levels (≤75pN) less than half of the simulations experienced unfolding events and 

those that did typically occurred after 10ns, in agreement with an MFPT distribution in 

which only the fastest unfolding times are in the vicinity of 20ns, particularly for the 

intermediate load levels.  

Intriguingly, the MFPT profile shows a noticeable, albeit not statistically 

significant, slow-down in the initiation of unfolding at intermediate load levels (25pN & 

50pN) relative to the zero load condition. This ‘catch-bond’-like behavior is in agreement 

with the profile of the isolated α-helix in which intermediate forces (20-30pN) showed a 

similar peak in the MFPT of unfolding initiation. Note that the force levels referenced in 

this study are the total forces across both helices, and therefore a force here of 50pN 

corresponds to a 25pN load on each helix. Thus, the force magnitude of the peaks is in 

rough quantitative agreement. However, as discussed above with respect to the AA-state 

probabilities as well as in further detail below, the mechanism of this catch-bond-like 

behavior in the isolated helix was demonstrated to involve transitions through π-helical 

states that are not heavily visited for residue 929 of the coiled-coil.   
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The relatively large standard deviations of the MFPT calculation is likely limited 

by sampling of milestone transitions, despite the enhanced sampling efforts to sample 

rare transitions. However, we note that the enhanced sampling resulted in the sampling of 

100s of unfolding initiations, even for the lowest load tested (0pN; see Table 2). 

Therefore, it is unclear that additional simulations would necessarily reduce these 

standard deviations. 

 

4.3.7 Results: Milestone Probability Networks: Coiled-Coil v. Isolated Helix 

 

Figure 4.7. Milestone probability networks at 0pN for coiled-coil residue 929 of chain A 

(left) and the residues of the isolated helix (right). Probabilities are 

calculated according to Eqn 5 with the probability of each edge (anchor 

pair) equal to the sum of the probabilities of the two directional milestones 

connecting the anchor pair. Edges with a probability less than 0.0001 are 

omitted for clarity. The absence of connections to the Ψ>90° anchor reflects 

the fact that the analysis of the simulations only considered the trajectory up 

to the first transition to this anchor. Therefore, the milestones connecting to 

this final anchor have an undefined lifetime, represented here as a lifetime of 

zero and resulting in a probability of zero according to Eqn 5. 
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The milestone probability networks were calculated using Eqn 4.5 from the 

combined straightforward and enhanced sampling simulation results for residue 929. 

These networks reveal the nearly total elimination of the π-helical states from the coiled-

coil trajectories. Note that these results are in agreement with the directly calculated AA-

state probabilities (Fig. 4.4). Furthermore, in agreement with the directly calculated AA-

state probability for the 310-helical states, the milestone probability networks reveal the 

ability of the system to visit these non-native, yet folded, states.  

Comparison between the milestone network probabilities of residue 929 of the 

coiled-coil and the probability network for the residues of an isolated helix with the same 

sequence as the helices of the coiled-coil reveal a dramatic shift in state occupancy. 

Whereas the π-helical states were visited with regularity, and even appeared in the 

unfolding pathways, in the isolated helix, they are absent from the coil trajectory. The 

relative proclivity of the coiled-coil residue to visit the 310-helical states instead of the π-

helical states is suggestive that the intrinsic structure of the coiled-coil in which helices 

are wrapped around each other and not allowed to fully straighten out is a key 

determinant of residue evolution and state accessibility. 
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4.3.8 Results: NetFlux Networks: Coiled-Coil v. Helix 

 

Figure 4.8. Net fluxes between anchor pairs for residue 929 of chain A from the coiled-

coil at 0pN (left) and the residues of the isolated helix (right) at 0pN. Net 

fluxes between anchors β and γ are calculated according to 
,stat i jq q q    

where 
iq  and 

jq  are calculated with Eqn 2. Net fluxes for each edge are 

normalized to the highest net flux for each network. Net fluxes less than 1% 

of the maximum net flux in a network are omitted for clarity.  

 

The net flux network through the AA-state milestones was calculated according to 

Eqn. 2 using the combined Milestoning data for residue 929 from the straightforward and 

enhanced sampling simulations. Edges in the net flux networks were normalized to the 

highest net flux for graphing purposes and thus any ‘thin’ edges have a low net flux 

relative to the dominant features in that network.  

The net fluxes in through the AA-states of residue 929 of the coiled coil reveal the 

strong tendency to remain in the native AA-states. This is illustrated by the dominant net 

fluxes between the ‘alpha’ states as well as the circulation between the ‘alpha’ states and 

the combined ‘310/alpha’ AA-states in the coiled-coil network. Conversely, the net fluxes 

to the unfolding states are noticeably low, this despite the fact that enhanced sampling 
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simulations were specifically targeted to the 310:90°>Ψ>0°, α1:90°>Ψ>0°, and 

[none]:90°>Ψ>0° milestones. This further underscores the stability of the coiled-coil, 

even for the residue (929) with the overwhelmingly highest number of unfolding events 

in the straightforward simulations. 

Comparison between the coiled-coil net flux network and that of the isolated helix 

reveals a striking stabilization of the residue trajectory due to the presence of the second 

helix in the coiled-coil arrangement. In noted contrast to the net flux network of residue 

929 of the coiled-coil, the largest net fluxes of the isolated helix are focused near the 

unfolded states (even for the 0pN case as is illustrated here). While the magnitudes of the 

net fluxes are not directly compared here, the distribution of the net fluxes reveals that the 

stability of the coiled-coil is due to a relative inability to explore states penultimate to 

unfolding. 
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4.3.9 Results: MaxFlux Pathways of Unfolding 

 

Figure 4.9. MaxFlux pathway distributions for 0pN (A), 50pN (B), and 200pN (C) as 

well as the milestone edge weight for the transition edge of the MaxFlux 

pathways. The transition edge of a pathway is defined as the edge with the 

smallest weight. The error bars in (D) reflect the standard deviation of the 

value of the transition edge weight. The top MaxFlux pathway is calculated 

for each sampled transition matrix, 
ijK , and milestone lifetime vector, 

i
  

used in the iterative calculation of the MFPT. Pathway distributions reflect 

the probability of an edge being along the MaxFlux pathway for a given 

load level; the color of the edge reflects this probability. The thickness of an 

edge reflects the average weight of the edge. Thus, transition edges are the 

thinnest lines.  
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MaxFlux pathways of the initiation of unfolding were calculated, reflecting the 

pathway through the net flux networks with the highest transition edge. The transition 

edge refers to the edge of the pathway with the lowest net flux. Thus, the MaxFlux 

calculation determines the max/min pathway through the net flux networks calculated 

from the stationary fluxes ( ,i statq
) via Eqn. 2. The top MaxFlux pathways calculated for 

each sampled transition matrix ijK
, and milestone lifetime vector, i


 used in the 

iterative calculation of the MFPT.  

The MaxFlux pathway distributions illustrate that the intermediate load level 

(50pN), which corresponds to the slowest MFPT for the initiation of unfolding, has fewer 

available unfolding channels. These limited options are seen in the relative sparseness of 

the MaxFlux network relative to the 0pN and 200pN networks, particularly in the 

neighborhood of the 90°>Ψ>0° AA-state. An interesting feature of this 50pN network is 

the fact that by far the most probable connection (and therefore darkest red edge) to an 

AA-state with a positive Ψ dihedral angle occurs through the α1:90°>Ψ>0° edge. The 

lack of additional connections to the penultimate 90°>Ψ>0° AA-state is due to a negative 

net flux from both the α1 and 310 to the [none] AA-state (the negative net flux values are 

manifested in the lack of connections in the MaxFlux network). This negative net flux 

implies that the 50pN system must both break the final hydrogen bond and rotate the Ψ 

dihedral angle in a single step rather than following the sequential patterns exhibited by 

the 0pN and 200pN networks in which the [none] AA-state is the predominant feeder to 

the 90°>Ψ>0° AA-state.  

The average transition edge weight provides further explanation for the catch-

bond-like profile of the MFPT. The strong negative correlation, with a Pearson 

correlation coefficient of -0.85, between the transition edge weight and the overall MFPT 

underscores the importance of the transition edge in throttling the overall process. 
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Critically, by far the most likely transition edge for all three of these MaxFlux 

distributions is the final 90°>Ψ>0°:Ψ>90° transition, appearing as the transition edge in 

80% of 0pN pathways, 99% of 50pN pathways, and 92% of 100pN pathways. Therefore 

the transition edge profile with respect to load reflects the effect of load on this final 

transition. Thus, the MaxFlux distribution networks illustrate that the initiation of 

unfolding under the 50pN load level are retarded by a combination of both limited 

connectivity to the 90°>Ψ>0° AA-state as well as a lower net flux of the connection from 

this 90°>Ψ>0° AA-state to the final Ψ>90° state. 
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4.4 DISCUSSION 

Perhaps the most experimentally relevant prediction of these simulations is the 

observation that the MFPT of the initiation of unfolding (Fig. 4.6) is on the order of 20-

100ns for the coil. The Milestoning analysis approach implemented is in agreement with 

the direct computational results from the SF simulations (Table 2.3) in which unfolding 

was very rare for the lower load levels tested. We note that this unfolding time is roughly 

a factor of 20 slower than the MFPT of unfolding initiation for an isolated helix with the 

same sequence.  

We note that the stabilization of the coiled-coil structure evidenced by the 

decrease in MFPT was associated with limitations in the unfolding mechanisms as 

characterized by milestone probability networks (Fig. 4.7), net flux networks between 

AA-states (Fig. 4.8), and MaxFlux pathways of unfolding (Fig. 4.9). As discussed for the 

intermediate 50pN load level (Fig. 4.9), the mechanisms of unfolding were limited by 

bond-reformation and the subsequent closure of a set of unfolding channels that were 

more accessible in the 0pN and 200pN networks. The importance of bond re-formation in 

delaying unfolding is also seen in the net flux networks (Fig. 4.8), which show that the 

edges between the high energy states (ie., those closest to unfolding) have a much lower 

magnitude of net flux, even for the structure in the absence of load. The lower net flux 

values indicate that rare transitions leading to unfolding are easily reversed in the coil 

relative to the isolated helix.  

It is interesting to note that both the network descriptions as well as the directly 

calculated AA-state probabilities indicate that the coiled-coil structure does not visit the 

non-native π-helical states that are significantly populated in the isolated helix. As the 

formation of π-helical hydrogen bonds requires a rotation of the Ψ dihedral angle in the 

negative direction, the lack of occupancy of these AA-states and milestones is suggestive 



 199 

that the presence of the second helix in the coiled-coil structure limits the conformational 

flexibility of the backbone.   

The overall stability of the coiled-coil structure is also supported by the 

independence of the solvent accessible surface area (SASA) of buried hydrophobic 

residues (Fig. 4.2), the indifference of the quantity of inter-helix hydrogen bonds to the 

load magnitude (Fig. 4.3), and the independence of the AA-state probabilities to load 

magnitude (Fig. 4.4). Indeed, the SASA appeared to show a counter-intuitive stabilization 

at the highest load level tested (Fig. 4.2), suggestive that the overall orientational effects 

of applied loads assist in maintaining hydrophobic surface complementarity. This 

stabilization may be the result of the higher load level limiting large-scale fluctuations 

that provide opportunities for the hydrophobic side chains to escape their local pockets. 
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Contributions 

5.1 CONTRIBUTIONS:  TIMESCALES OF THE INITIATION OF PROTEIN UNFOLDING 

Results from both the isolated α-helix and helical coiled-coil reveal that 

mechanical forces of physiological magnitude (ie., 0-200pN) induce structural changes 

over nanosecond timescales, ranging from ~5ns for the isolated helix to ~100ns for the 

coiled-coil. Critically, the work done here was performed under constant force 

magnitudes rather than the steadily varying force profiles of atomic force microscopy 

(AFM) and steered molecular dynamics (SMD) where the force is coupled directly to the 

displacement. The key distinction being that constant force magnitudes permit a more 

natural system evolution such that displacements are not enforced, but rather evolve 

organically from the response of the protein to the applied load.  

Typical computational loading rates used with SMD (0.1nm/ns) imply that over 

the timescale of the initiation of coiled-coil unfolding at constant force magnitude 

(~100ns) the force set-point would have moved 10nm. This degree of set-point motion 

indicates that the force experienced by the protein would increase by nearly 7000pN for a 

standard SMD spring constant
18

 (10kcal*mol
-1

/A
2
 = 69.3 pN*A/A

2
 = 693 pN/nm). Thus, 

it is likely that such computational approaches probe mechanisms of unfolding that may 

be unrealistic under physiological load conditions. Indeed, the results of this work 

illustrate that unfolding mechanisms have a strong dependence on load magnitude even 

over the relatively minor load range of 0-200pN.  

On the other end of the time spectrum, the MFPT values calculated here indicate 

that AFM approaches, even with fast sampling periods of 5μs (200kHz sampling rates
7
), 

are incapable of directly resolving the mechanisms of unfolding. Thus, while AFM can 

provide an indication that unfolding has occurred, constitutive models are required to 

bridge the time gap between fundamental events and observable quantities. 
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While the dependence of unfolding and unbinding forces on loading rate is known 

phenomena, these results provide, for the first time, an indication of the required temporal 

resolution for observing the steps leading to unfolding. Such resolution is necessary for 

engineering protein structures that must carry load, such as those used in tissue 

engineering or biomimetic devices. Knowledge of this required resolution provides 

design goals for experimental approaches and suggests experimental design parameters 

for studies hopeful of capturing the phenomena leading up to total protein unfolding. 

 

5.2 CONTRIBUTIONS:  DEVELOPMENT OF A COMPUTATIONAL TOOLBOX FOR PROBING 

THE MECHANICAL RESPONSE OF PROTEINS 

The combination of constant force molecular dynamics and the Milestoning 

kinetic analysis framework provides a unique tool for statistically probing the mechanical 

response of proteins. Given the stochastic nature of protein unfolding, a statistical 

understanding of protein failure is required, thereby necessitating the calculation of large 

sets of unfolding trajectories. Prior work describing the unfolding of proteins was 

computationally limited by expecting the entire structure to unfold before the conclusion 

of the simulation. The current application of enhanced sampling and the ‘patchwork’ 

nature of Milestoning allows the use of low (or non-existent) forces in simulations as the 

overall results of such mechanical conditions can be pieced together from short, 

computationally accessible simulation fragments.  

As an example from the present work, the MFPT of just the initiation of unfolding 

of the coiled-coil at 50pN was on the order of 100ns. Such simulation durations for even 

one unfolding event (which itself is not guaranteed to occur in 100ns) are computational 

prohibitive even with the impressive tools currently available. Thus, while Milestoning 
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does not completely alleviate the computational expense of such kinetic simulations of 

unfolding it does provide a means to limit the cost.  

The application of Milestoning with constant force molecular dynamics therefore 

alleviates computational barriers to the determination of protein constitutive properties 

and provides the opportunity for studying complex mechanotransductive processes under 

physiological load levels. Such studies may provide the kinetics of exposure of cryptic 

binding sites such as the phosphorylatable Y925 on FAK’s FAT domain. Knowledge of 

the kinetics of exposure may then allow experimentalists to evaluate the feasibility of 

hypotheses of mechanical activation.  

 

5.3 CONTRIBUTIONS:  ILLUSTRATION OF THE EFFECT OF LOAD ON UNFOLDING 

MECHANISM 

Another contribution from the application of constant force molecular dynamics 

with Milestoning is the ability to discern not only unfolding kinetics but also 

mechanisms. The network theories brought to bear on the problem of understanding 

unfolding pathways provide knowledge of protein mechanics at the resolution of 

individual chemical functional groups (ie., hydrogen bonds). A relationship between 

molecular mechanical attributes and individual functional groups is necessary for true 

engineering of mechanically competent proteins. Thus, the development of tools that 

probe kinetics on the basis of local transitions and bonding structures may allow design 

using such networks.  

The ability to resolve the effect of load on unfolding networks also allowed this 

work to contribute an atomic description of the ‘catch-bond’ profile of molecular 

unfolding. Whereas previous descriptions of such behavior relied on phenomenological 

descriptions of unfolding, the tools provided here and the system studied demonstrated 
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that multiple pathways, including those traversing non-native structures, can be 

responsible for delaying unfolding. While interesting in its own right, such understanding 

may allow the design of polymeric structures whose mechanics are specifically tuned to 

activate non-native bonding under certain loads.  

 

5.4 CONTRIBUTIONS:  COARSE-GRAINING AND MULTI-SCALE MODELING OF PROTEIN 

CONSTITUTIVE PROPERTIES 

The simplicity of the helical systems studied here provided the opportunity to 

assess the mechanics of multi-scale structures. As the coiled-coil results using the coarse-

grain model of the helix demonstrate, it is possible to develop a mechanical description 

for a relatively simple protein structure and apply the same description to the analysis of 

a more complicated tertiary structure. Such a description can therefore be tuned on simple 

structures to identify key degrees of freedom necessary for tracking the effect of load. For 

example, the initial study of the isolated helix revealed that the fine anchor system in 

which permutations of bonds were tracked was unnecessary to describe the initiation of 

unfolding. While this fine anchor system worked and provided an MFPT that matched the 

coarser description, the coarse anchor set was not only faster to analyze but also more 

tractable to interpret. Furthermore, work with the isolated helix illustrated the need to 

include non-native helical structures in the description of unfolding. While not described 

here, the coarse anchor set did not initially include the π-helical and the 310-helical 

structures that became critical for interpretation of the mechanism of unfolding.  

Not only does this work provide an illustration of the utility of analyzing sub-

structures, it also provides motivation for the design of the combination of models 

describing such sub-structures. The coiled-coil unfolding kinetics were shown to be 

dramatically higher than the isolated helix for the same nominal force per helix. 
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Additionally, analysis of the propagation of unfolding between helices determined the 

threshold for conformational flexibility / unfolding in one chain necessary to influence 

the unfolding behavior of the second chain. Therefore any multi-scale model of a coiled-

coil structure must account for the extent of damage to one helix required to influence the 

kinetics and conformations of the second helix.  
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Future Work 

6.0 OUTLOOK 

 

Figure 6.1. [A] Consideration of timescales of Atomic Force Microscopy (AFM) relative 

to the MFPT of the initiation of helix unfolding. [B] Schematic of Steered 

Molecular Dynamics (SMD) timescales relative to the MFPT of helix 

unfolding initiation. [C] Hypothesized profile of the probability of 

molecular unfolding proceeding from an initiation event at a given force, 

where low probabilities reflect a high likelihood of refolding preventing the 

propagation of the initiation event. [D] Schematic of the likely probability 

distributions of unfolding force in the limit of “slow” load application 

(AFM) and “fast” load application (SMD) referenced to the forces 

illustrated in [C]. 
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At least 6 orders of magnitude separate the mean first passage time of helix 

unfolding initiation from the loading rates of a typical AFM experiment (Fig. 6.1A). 

AFM resolution is limited by the sampling rate, which, even with the most advanced 

models, delivers sampling times of 5us. Based on CFMD simulation results and a MFPT 

of helix unfolding initiation of ~5ns, there are on average 1,000 unfolding initiations 

within this timeframe.  

Conversely, the time dependence of Steered Molecular Dynamics unfolding 

illustrates the progressively higher forces applied to the helix prior to unfolding (Fig. 

6.1B). As the reference point is retracted at a constant rate (vpull), the forces experienced 

by the helix increase prior to helix unfolding (as illustrated by F1, F2, F3, and F4). Each 

helix unfolding initiation experienced by the helix provides an opportunity for unfolding; 

the probability of each initiation leading to a full unfolding depends on the force 

experienced by the helix and, thus, unfolding is expected to become more likely at each 

initiation.  

Known discrepancies between the loading rates of the two methods combined 

with knowledge of the MFPT of unfolding initiation present opportunities to unify results 

via a molecular framework built off this work. For instance, consider the illustration of a 

possible function between force and unfolding probability in which a sigmoidal function 

determines the likelihood of unfolding initiations propagating to persistent unfolding 

events seen in Fig. 6.1C. Such an unfolding profile with respect to applied force is 

suggestive of unfolding force distributions seen in Fig. 6.1D in which a ‘slow’ loading 

rate limit results in measured unfolding forces centered around F1 and a ‘fast’ loading rate 

limit results in measured values of unfolding forces near or above F4. The ‘slow’ limit 

underestimates forces as the sheer quantity of unfolding initiations experienced between 

each AFM sampling point means that unfolding propagation will occur even at forces 
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(F1) whose unfolding probability is very low (here ~2%). Conversely, the ‘fast’ limit 

overestimates forces due to the relatively infrequent unfolding in initiations experienced 

at each force, meaning that unfolding propagation must wait for a force (F4) at which the 

unfolding probability is relatively high (here ~90%).  

The methods and perspective gained in the present work present the opportunity 

to develop molecular descriptions of protein constitutive properties wherein 

computational investigations can directly connect atomic observations with experimental, 

molecular-scale measurements. Such a framework could overcome the phenomenological 

connections between loading rates and unfolding forces that currently exit. The advantage 

of moving beyond such phenomenological descriptions is that once mechanical models 

for load-induced unfolding are traceable directly to functional groups (as is done here 

with the hydrogen bond-based description of unfolding) then both a-posteriori 

investigation of the effects of mutations and a-priori prediction of mechanical properties 

of novel polymeric systems become conceivable. Such models would have tremendous 

benefit for everything from polymer composite prediction and engineering to 

pharmacological production. Towards the end of advancing on the principles described in 

Fig. 6.1, the following potential objectives of future work could be pursued. 

 

6.1 FUTURE WORK 

6.1.1 Future Work: Connecting the Probability of Unfolding to the Probability of 

Initiation 

6.2.1.1 Background 

While the previous simulations analyzed the initiation of helical unfolding, their 

analysis was terminated at the stage of a 'primed unfolding vulnerability'. The focus of 



 208 

this stage is to enhance statistics at the point of initiated vulnerability by selectively 

sampling these rare structures. Unfolding trajectories of the isolated helices and observed 

rates of ‘hopping’ of initiated vulnerabilities between helices of the coiled-coil suggest 

that while lower loads are capable of initiating unfolding, they have an inability to 

stabilize and subsequently propagate the unfolding vulnerabilities towards a true 

'unfolded' state. This is in noticeable contrast to the higher loads (helix: 100pN, coil: 

200pN) that show a marked ability to propagate unfolding. The comparison between the 

intermediate loads and the higher loads suggests that helix 'strength' under constant load 

is intermediate to these two values, but also that unfolding is a stochastic process, inviting 

the definition of a stochastically based definition of intrinsic mechanical strength rooted 

in a profile of the probability of the propagation of unfolding. 
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Figure 6.2. [A] Primed unfolding vulnerabilities are identified and isolated from existing 

simulations and treated as seeds for further simulations. A spectrum of load 

magnitudes are applied to each seed. [B] A set of independent, 'short' 

(~500ps) simulations are run in which random velocities are applied to each 

seed / load combination. The progress of each simulation is tracked to 

determine whether the structure folds or unfolds. The probability of 

unfolding as calculated over all seeds and simulations for each load and 

used to create a 'propagation probability curve'. [C] The propagation 

probability curve tracks the likelihood of an initial unfolding vulnerability 

transitioning into a stable unfolding event as a function of applied loads. 
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unfolding vulnerabilities away from refolding opportunities—in which the elements of 

broken hydrogen bonds thermally vibrate in the vicinity of unbonded partners—is 

proposed to be the key determinant of strength. One interpretation of the role of load in 

enhancing unfolding is that applied loads act to bias these temporarily unfolded 

vibrations, resulting in a net motion of the newly 'disjointed' section away from the 'zone 

of refolding' where bonds may reform. This refolding tendency is an intrinsic property of 

α-helical strength; as SMD continually changes boundary conditions on the helix, it is 

likely that the refolding probabilities are different between constant force and constant 

rate simulations.  

 

6.2.1.1 Proposed Methods 

Primed unfolding vulnerabilities from existing constant force simulations are 

identified, isolated, and used as seeds for additional simulations. Seeds are given a set of 

random initial velocities for each load (resulting in a number of ‘repeats’ for each seed), 

simulated for a relatively short period of time (~100ps) and evaluated for refolding or 

unfolding. This process would build on the tools developed in the coiled-coil 

investigation (Chapter 4). Results from a series of loads—each with a number of 

simulations determined by (number of seeds) x (number of repeats)—are used to 

determine the probability of unfolding versus refolding. The resulting probability density 

is used to propose a statistically rigorous definition for 'strength' of an α-helix. Towards a 

more general description of this probability density, a variety of seeds will be selected, 

sampling from the possible structures to guarantee a wide range in the extent of their 

unfolding initiation.  
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Additionally, characteristics of refolding simulations are used to determine the 

role of load in governing the mechanism of refolding (such as how many 'incorrect' bonds 

are formed in the process), as well as the type of resulting helix. As noted in Chapters 1 

& 2, the intermediate load levels (and 0pN to a lesser extent) result in a number of π-

helical structures due to improper refolding. As residues in π-helical structures have 

more-negative psi angles than α- or 310-helices, the formation of these wider helices is 

expected to result in a slower unfolding process. This tendency will be explored for a 

wider selection of applied loads. 

Constant rate simulations of the native helix (without pre-selecting for a 

vulnerability) will also be run to determine the strength of the α-helix under an increasing 

load. While published in the literature, constant rate simulations for the strength of an α-

helix will be used to determine the refolding tendency of bonds within a helix subjected 

to this loading mode. Further, transition matrices will be calculated using the same states 

as those in the constant force simulations. Comparison of these transition matrices will 

provide a quantifiable tool for comparing the two simulation methodologies. 

 

 

6.1.2 Future Work: C- and N-terminal Unfolding Propagation Speeds 

6.2.2.1 Background 

Helical domains in proteins necessarily have a C- and N-terminal domain, each of 

which can be thought of as a 'primed unfolding vulnerability' that exists, not due to the 

initiation of unfolding, but rather is inherent to the protein's structure. Thus, while the 

initiation of unfolding is a critical question for long helices, an equally valid, biologically 

motivated question is the behavior of these terminal ends when a protein is subjected to 
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loads. Interestingly, there are examples (such as FAK) of phosphorylatable residues 

'hidden' in the turns of helices within tertiary structures of proteins believed to carry load. 

As these phosphorylatable residues are unavailable in the native form of the proteins, it is 

necessary for the helix to unravel in order to allow phosphorylation. Therefore, 

understanding the mechanisms of helix unfolding from C- and N-terminal ends has both 

mechanical and biological significance. 

Small (5-residue pentapeptides and 21-residue blocked alanine repeats) helices 

have shown a proclivity to unfold preferentially from either the C- or N-terminal. 

Moreover, our preliminary research indicates that the propagation of unfolding is 

significantly more rapid from the C-terminal than from the N-terminal. The most 

prevalent mechanisms for the unfolding initiation were observed to include both the C- 

and N-terminal pathways for the largest load tested. Finally, hydrogen-bond energy 

landscapes of C-terminal-like structures showed that the 'first' hydrogen bond (the one 

closest to the C-terminal) was more highly loaded than the more interior hydrogen bonds, 

suggesting that propagation of unfolding is a process in which vulnerabilities are 

exploited. 
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Figure 6.3. [A] Unfolding events are tracked as the propagation of residue unfolding from 

the central, initial unfolding vulnerability residue (0) through the 

surrounding residues in each direction (eg. 6-, 4-, 2-, 2+, 4+, 6+). [B] An 

example set of anchors representing the status of all tracked residues. The 

status of each residue will be determined (eg., here as 1 for folded or 0 for 

unfolded) and the resulting permutation of residue status determines the 

instantaneous anchor state. [C] Tracking the anchor state throughout the 

simulation trajectory reveals the transitions of individual residues as changes 

in anchor value (here from 2 → 4 → 6 → 7). [D] The Milestone trajectory is 

formed by the passage between anchor interfaces where each interface 

between anchors forms a Milestone. 

 

6.2.2.2 Proposed Methods 

Existing C- and N-terminal unfolding events will be “seeds” for sets of 

simulations at different loads. In this way, the principles of enhanced sampling will 

provide more efficient exploration of propagation properties. Each seed will give rise to a 
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nanosecond basis), the propagation of unfolding will be statistically tracked via a 

'propagation' anchor set. The advantage of gathering statistics through these anchor sets 

will be to provide raw data for analysis via Milestoning—including the determination of 

Mean First Passage Times as well as increases / decreases in fluxes between states—as 

well as Monte Carlo calculation of unfolding trajectories. 

 

 

Figure 6.4. [A] A primary outcome of this phase is the speed of propagation in both the 

N- and C-terminal directions as a function of applied load level. This speed 

will be calculated via Milestoning. [B] The propagation of load as measured 

by the effect on hydrogen bond energy landscapes as a function of distance 

from unfolding vulnerability will be assessed to examine the role of 

unfolded segments of a helix in modulating load propagation into the helical 

interior. 
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In addition to calculating data for Milestoning / Monte Carlo, the behavior of 

bonds and/or residues within individual states will be tracked to determine the extent of 

load propagation into the helix. While loads applied to helical structures may be shared 

by the hydrogen bonds along the helical axis, it is unclear to what extent short, unfolded 

segments interrupt this load sharing. It is possible, for instance, that short, unfolded 

segments may serve to reduce the effects of load on neighboring helical turns as the 

flexibility of an unstructured loop—at least prior to full extension—is likely to prevent a 

‘clean’ load transfer through a partially-unfolded structure. To assess this degree of load 

sharing, the energy landscapes of hydrogen bonds and residue dihedral angles will be 

examined as a function of distance into the folded helix. Any shifts in these energy 

landscapes as a function of position—particularly relative to a fully folded helix—will 

reveal details of load propagation through secondary structures.  

Due to the necessity of maintaining a steady state when gathering Milestoning 

statistics, only constant force simulations will be run here, albeit these simulations will be 

run for a wide variety of load magnitudes. Comparisons between C- and N-terminal 

propagation will be made, potentially providing biologically relevant insight into the 

efficacy of placing catalytically active sites near either end of a loaded helix. Any 

observed differences may be explained through details of load propagation differences—

as determined by energy landscapes—between the C- and N-terminals. It is possible, for 

instance, that hydrogen bonds in one direction of propagation are less likely to ‘feel’ 

applied loads, perhaps due to the natural handedness of the α-helix.  
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6.1.3 Future Work: Monte Carlo Simulations of Unfolding Dynamics 

6.2.3.1 Background 

Unfolding forces are known to depend on the applied loading rate. Historically, 

this loading rate dependence has been explained via phenomenological models in which 

either multiple sequential barriers separate the folded from unfolded state—with load 

differentially affecting the height of each barrier—or multiple parallel pathways allow 

distinct mechanisms for unfolding—with load differentially affecting the relative traffic 

through these mechanisms. Our preliminary results indicate that helix unfolding initiation 

includes a plethora of parallel pathways with no discrete set of dominant pathways 

through which traffic can be throttled. While load magnitude does affect the net flux 

through calculated MaxFlux pathways—and therefore affects barrier heights along 

sequential pathways—it is unclear if the changes in barrier heights reflected in the 

increase in net fluxes can fully account for the exponential dependence of unfolding force 

on loading rate. Direct comparison between AFM / SMD unfolding forces and CFMD 

predictions will be necessary to determine if these phenomenological models are 

capturing intrinsic helical strengths and properties or simply providing useful parameters 

for comparison. 

The previous two phases are focused on understanding fundamental processes in 

the mechanisms of helix unfolding. While necessary for a full description of the intrinsic 

strength of helical structures, the unfolding probabilities and propagation properties are 

not directly comparable to the measured unfolding forces from either AFM or SMD.  To 

provide a direct comparison between the CFMD simulation unfolding behaviors and 

published AFM / SMD strength measures, a series of Monte Carlo calculations built-off 

the underlying Milestoning data will be performed. Specifically, load-dependent 
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transition probabilities and timescales for both the initiation and propagation of unfolding 

will be used to coarse-grain helical behavior. 

 

6.2.3.2 Proposed Methods 

Computationally determined unfolding trajectories will be calculated via coarse-

grained descriptions of helical unfolding and refolding. The required coarse-grained 

descriptions will be calculated in the previous two phases as unfolding and transition 

probabilities. Determination of transition probabilities between states from atomically 

detailed simulations will allow rapid calculation of unfolding trajectories under both 

‘slow’ and ‘fast’ loading rates representing AFM and SMD conditions respectively. In 

the case of the slow loading rate, the unfolding trajectories will provide details of helical 

behavior between sampling points. The fast loading rate trajectories will provide an 

indication of the degree to which unfolding forces are over-estimated due to progressive 

increases in loads experienced by the helix. These trajectories and their aggregate 

information—such as unfolding forces—will be directly compared to experimental 

values. 

Each trajectory will be initiated with a helical structure. At each time-step, 

transition probabilities will be determined for each residue according to the instantaneous 

structure and applied load magnitude; these transition probabilities are pre-determined 

based on previous atomic simulations. Structural transitions will be randomly determined 

based on these probabilities, allowing an evolution of the helix. Unfolding and refolding 

events will determine the length of the helix; comparison of this calculated length to a 

reference position will establish any changes to applied forces. As with AFM and SMD, 

this reference position can be moved according to a pre-defined ‘loading rate’.  
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Success of the Monte Carlo approach requires establishing transition matrices for 

each desired coarse-grained residue condition at a range of applied load magnitudes. 

Unless otherwise accounted for, a required assumption is that each residue within the 

structure experiences the same load magnitude, namely that of the applied load on the 

helix terminals. Modifications of this assumption may include the notion of a loads being 

shared in any folded, helical sections but fully felt for any unfolded, β-strand-like 

sections. An additional assumption is that transition probabilities are independent of 

residue type; this assumption—demonstrated in this work to be reasonably accurate in 

heterogeneous, 126-residue α-helix—allows a simplication of the data collection efforts 

required. While certain amino acids are thought to be more helical than others, helical-

unfolding initiation showed no residue-type specificity in our recent study. 

In some sense, this approach is in the spirit of the well known Zimm-Bragg
15

 and 

Lifson-Roig
14

 models for the helix-coil transition. In contrast to these statistical 

mechanics approaches, however, the proposed Monte Carlo implementation of helical 

transitions will generate unfolding trajectories as a function of applied load magnitude. 

These unfolding trajectories can provide temporal descriptions of the structural helicity, 

as well as generating histograms of unfolding forces for direct comparison to AFM and 

SMD data.  
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