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Atomistic Simulations of a Protein Unfolding Process at Room Temperature Using the 

Weighted Ensemble Path Sampling Strategy  

Andrew G. Bellesis, MS 

University of Pittsburgh, 2020 

Developing a detailed understanding of protein folding and unfolding processes, including 

the conformational details of the unfolded state ensemble, has been a longstanding challenge in 

biophysics. In particular, the transient states of these processes have been difficult to capture 

using experimental techniques such as NMR spectroscopy and the timescales associated with 

both processes are beyond the microsecond timescales that can be accessed by standard 

molecular dynamics (MD) simulations. Here, the weighted ensemble (WE) path sampling strategy 

was employed in conjunction with MD simulations to enable the simulation of protein unfolding 

events at room temperature. The WE strategy has enabled the simulation of rare events such as 

ligand binding, large protein conformational transitions, and protein unfolding. I present atomically 

detailed simulations of the unfolding process of the G29A mutant of the B-domain of protein A 

from the virulence factor, Streptococcal  aureus (BdpA) at room temperature and characterize the 

conformational details of representative unfolding pathways.  
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1.0 Introduction 

The BdpA protein is an ideal system for atomistic simulations of protein folding due to its 

small size (58 residues) and relatively rapid folding on the microsecond timescale1. BdpA consists 

of a three-helix bundle separated by short flexible linkers. Helix 2 and helix 3 are antiparallel to 

each other; helix 1 is tilted at approximately a 30° angle to the other helices2  (Figure 1). Although 

the folding and unfolding processes of BdpA have been studied by both experiment and 

simulation1,3-14, atomistic pathways of the unfolding process at room temperature have not yet 

been reported.  

Figure 1: An unpublished G29A BdpA structure determined by Prof. Seth Horne at the University of 

Pittsburgh shows the same three-helix bundle tertiary fold as that published for wildtype BdpA by Gouda et 

al. in 19923. In both panels, helix 1 (residues 6-17) is shown in blue; helix 2 (residues 24-36)  is shown in 

green, and helix 3 (residues 41-54) is shown in purple. The flexible loop regions on the termini and between 

the helices are shown in grey. The sidechains of the hydrophobic core residues A12, F13, I16, L17, F30, 

I31, L34, A42, L44, L45, A48, and L51 are highlighted in stick representation.  

The focus of my thesis is on the G29A mutant of BdpA, which is one of the fastest folding 

proteins yet reported4. In particular, the G29A mutation was predicted to increase the folding rate 

constant4,15 by stabilizing helix 216 due to the higher helical propensity of alanine with respect to 

glycine17. The following rate constants for folding and unfolding for the G29A mutant of BdpA were 

obtained by lineshape fitting of dynamic NMR spectra at 310 K4: kf = 370,000 s-1 and ku = 37 s-1. 

Hence, the mean first passage time for the folding process is 3 µs, which is three-fold faster than 

about:blank


2 

the wildtype1, and the mean first passage time for the unfolding process is 27 ms. For the 

F13W/G29A mutant, which enables the monitoring of the folding/unfolding process via intrinsic 

tryptophan fluorescence, the rate constants are kf = 450,000 s-1 and ku = 100 s-1, which 

corresponds to mean first passage times of 2.2 µs and 10 ms, respectively 4. Dimitriadis et al. 

measured folding rate constants of F13W/G29A as a function of temperature through laser-

induced temperature-jump kinetics9. At 298 K, kf = 177,000 s-1 and ku = 30 s-1. At 310 K, kf = 

235,000 s-1  and ku = 211 s-1. Although the values of the rate constants differ from those of Arora 

et al4, both studies reveal that the F13W/G29A mutant folds faster than the wildtype protein. 

Importantly, the G29A and the F13W/G29A double-mutant each have folding rate constants over 

threefold higher than the wildtype protein1. The G29A mutant has an unfolding rate constant that 

is twofold lower than the wildtype protein, but threefold lower than the F13W/G29A double mutant. 

For both the G29A and F13W/G29A mutants, all kinetic traces fit well to a single exponential, 

supporting the two-state folding hypothesis. 

Several additional studies have been carried out on the G29A mutant to better 

contextualize the kinetics elucidated by Arora et al4. and Dimitriadis et al9. Sato and Fersht applied 

extensive Φ-value analysis on the Y15W/G29A double mutant of the BdpA protein using intrinsic 

tryptophan fluorescence11. Φ-value analysis is an experimental technique to quantify how “native-

like” interactions in the transition state are by comparing the energy of activation required and 

equilibrium of mutant proteins with the wildtype protein18,19. They determined that the G29A 

mutation stabilizes the protein by approximately 0.7 kcal/mol and observed an acceleration in 

both the folding and unfolding rate constants11. For the Y15W/G29A mutant, kf =276,000 s-1 and 

ku=31.4 s-1 at 298 K. For the Y15W single mutant, kf =98,000 s-1 and ku=25.0 s-1, which is similar 

to wildtype values. While there is variance in the folding rate constants of the G29A, F13W/G29A, 

and Y15W/G29A mutants, in part due to differing experimental conditions, the results reveal that 

the G29A mutation accelerates folding compared to the wildtype and that the G29A mutation 
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affects folding rate constants more strongly than the Y15W/G29A  mutation, which is illustrated in 

Table 1. 

Table 1: A summary of folding and unfolding rate constants elucidated by varied experimental techniques 
is shown above. 

Construct kf ku Temperature Technique 

Wildtype 120,000 ± 
36,000 s-1

68 ± 18 s-1 310 K Lineshape fitting NMR/chemical 
denaturation1 

G29A 370,000 s-1 37 s-1 310 K Lineshape fitting NMR/chemical 
denaturation4 

F13W/G29A 450,000 s-1 100 s-1 310 K Lineshape fitting NMR/chemical 
denaturation4 

F13W/G29A 177,000 s-1 30 s-1 298 K Laser-induced temp-jump 
kinetics/chemical denaturation9 

F13W/G29A 235,000 s-1 211 s-1 310 K Laser-induced temp-jump 
kinetics/chemical denaturation9 

Y15W/G29A 276,000 s-1 31.4 s-1 298 K Circular dichroism/chemical 
denaturation11 

Y15W 98,000 s-1 25.0 s-1 298 K Circular dichroism/chemical 
denaturation11 

Multiple insights have been made regarding folding and unfolding mechanisms of the 

G29A mutant from both experiments and simulations. Sato and Fersht hypothesized that the 

G29A mutation induces “structural strain” in the native state from its methyl sidechain that is 

released in the transition state11. They also concluded that Φ-value analysis measured via 

temperature-jump experiments and circular dichroism show F15W/G29A BdpA unfolds through a 

single transition state. On the simulation side, Lei et al. conducted extensive atomistic MD 



4 

simulations on the folding of the G29A mutant10. Starting from the fully-extended unfolded state, 

a series of conventional MD simulations were carried out at 300 K and 20 replica-exchange MD 

simulations were carried out with target temperatures between 250 K and 550 K. Lei et al. 

achieved folding to the native state within experimental error of the backbone RMSD of 0.7 ± 0.3 

Å of the high-resolution NMR structure (PDB code 1Q2N)20. They observed that folding started 

with the formation of helix 3 followed by the folding of the helix 2/helix 3 segment and completed 

by the docking of helix 110. Cheng et al. also explored continuous folding MD trajectories from the 

extended state to the native state of wildtype BdpA7,10. They observed helix 2 form first, followed 

by helix 1, which dock to each other before the formation and docking of helix 3. This is 

contradictory to the results of Lei et al. Although Cheng et al. worked with the wildtype construct, 

their results give some insights into the fast-folding behavior of the G29A mutant. They 

hypothesize that the long, positively-charged sidechain of R28 may play an important role in 

docking helix 1 and helix 2 and rigidifying the helix turn from R28-I32, which is already rigidified 

by the mutation of G29 to an alanine residue, thereby speeding up the folding process. Lastly, 

Chowdhury et al. reported MD simulations of the G29A mutant of BdpA starting from a fully 

extended protein chain, revealing an initial hydrophobic collapse that involves the formation of 

both helix 1 and helix 3, followed by the slower formation of helix 28.  These results indicated that 

both native and non-native hydrophobic interactions may play a role in the folding kinetics and 

that non-native hydrophobic interactions may stabilize the denatured, unfolded state. 

Unfolding studies using both experimental and atomistic simulation techniques have also 

indicated multiple pathways in the wildtype protein. In 1994, Bottomley et al. demonstrated that 

helix 1 unfolds first followed by helix 2 and helix 3 together6. Here, the authors inserted tryptophan 

mutations in each helix and conducted tryptophan fluorescence measurements at increasing 

concentrations of guanidine HCl denaturant. The helix 1 mutants were less stable under 

denaturing conditions than the helix 2 and helix 3 mutants, which is consistent with the observation 
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that helix 2 and helix 3 interact more intimately with each other than they do with helix 1. However, 

inserting mutations can alter the stability and unfolding pathway of a protein. Alonso and Daggett 

performed two high-temperature (498 K) unfolding MD simulations of wildtype BdpA and observed 

two unfolding pathways3. In one pathway, the Glu16-Lys50 salt bridge was disrupted, leading to 

the denaturation of helix 1 followed by helix 2. In a second simulation using the same methodology 

and starting structure, helix 2 dissociated first, followed by helix 1. In both simulations, helix 3 

retained the most helical character. Additionally Bai et al. created a series of BdpA fragments and 

used circular dichroism to determine that helix 3 is the most stable fragment, whereas the helix 1 

and helix 2 fragments lose their helical character5. Furthermore, the helix 2/helix 3 fragment 

retains  50% helix whereas the helix 1/helix 2 fragment loses all helical character. Together, these 

results suggest that helix 3 remains helical even when helix 1 and helix 2 unfold. 

Theoretical and experimental studies have shown that BdpA is a two-state folder. Proteins 

that fold via a two-state mechanism fold cooperatively by crossing a single free-energy barrier 

and do not form intermediate species along the folding pathway21. Meyers and Oas showed that 

wildtype BdpA denaturation using guanidine HCl measured by circular dichroism produces a 

curve that fits the two-state model1. Dimitriadis et al. used ns laser-induced temperature-jump 

kinetics to report the folding kinetics of the F13W/G29A mutant9. They demonstrated that 

relaxation kinetics were well-described by a single exponential decay and hence a two-state 

model is supported. Furthermore, two-state unfolding was observed both by varying denaturant 

and temperature. Importantly, BdpA was shown to fold according to the diffusion-collision 

theory1,4,14, which is compatible with two-state folding. Diffusion-collision theory divides proteins 

into elementary microdomains that are composed of only a few amino acids that explore limited 

conformational space and move diffusively until colliding with each other in the correct orientation 

to associate, quickly coalescing into longer-range secondary and finally native tertiary structures 

that include long-range interactions15,22,23. 
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Like most proteins, BdpA adopts a heterogeneous ensemble of conformations in the 

unfolded state and the nature of this ensemble depends on the experimental conditions. 

Dimitriadis et al. showed that the F13W/G29A mutant lacks residual secondary structure under 

strongly denaturing conditions (6M guanidine HCl), but that the unfolding pathway transition state 

is relatively compact, independent of guanidine HCl l concentration9. Additionally, Sato et al. 

showed through Φ-value analysis that there is residual secondary structure in the unfolded state 

at 298 K  and 0 M guanidine HCl but no secondary structure at 2M guanidine HCl 9,11-13. At low 

guanidine HCl concentrations, there are non-local interactions, which are disrupted at higher 

concentrations. While experimental techniques using chemical denaturation have elucidated 

some conformational features of the unfolded state ensemble, no atomistic models of unfolded 

BdpA under non-denaturing conditions exist – the low population of the unfolded state ensemble 

under non-denaturing conditions highlights the need for atomistic simulation for elucidating the 

adopted structures that cannot be detected experimentally. 

Here, I present atomically detailed simulations of the BdpA unfolding process at room 

temperature and characterize the conformational details of representative unfolding pathways 

using the weighted ensemble (WE) strategy24 in conjunction with molecular dynamics. In the WE 

strategy, configurational space is divided into bins along a progress coordinate towards a target 

state, which need not be defined in advance24,25. Below, I will discuss efforts to identify an 

appropriate progress coordinate for generating unfolding events, define the folded and unfolded 

states within the context of the progress coordinate, and analyze representative unfolding 

pathways. Together, these efforts lay the groundwork for characterizing the unfolding mechanism 

of the BdpA G29A mutant.  
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2.0 Methods 

2.1 The Weighted Ensemble (WE) Path Sampling Strategy 

The cost of standard MD simulations remains prohibitive when simulating long-timescale 

biological processes such as protein folding and unfolding, conformational changes, and ligand 

binding. Path sampling strategies, including the WE strategy, enhance the sampling of long-

timescale processes by focusing computing power on the transitions between stable states rather 

on the stable states themselves24,25. In WE, configurational space is divided into bins along a 

progress coordinate that lead sequentially to a target state which can be defined post-hoc. N 

stochastic trajectories are initiated in parallel from the starting state and are given equal statistical 

weights of 1/N. Dynamics are then propagated for fixed time intervals (τ) and after each interval, 

a resampling procedure is carried out as shown in Figure 2. The resampling procedure involves 

the replication and pruning of trajectories with the goal of populating each bin along the progress 

coordinate with a target number of N trajectories. Due to rigorous tracking of trajectory weights, 

no bias is introduced into the dynamics thereby enabling the calculation of rate constants25-28. The 

spacing of the bins and even the entire progress coordinate can be updated on-the-fly throughout 

the simulation without introducing bias to facilitate bin transitions toward the target state27. WE 

can be carried out either under steady state or equilibrium conditions29. Importantly, WE can be 

orders of magnitude more efficient than running standard MD simulations in sampling various 

molecular processes27-32. 
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Figure 2 (Above): A detailed schematic of the WE strategy is illustrated for a simple double-well potential 

consisting of two alternate stable states. The progress coordinate is seen on the x-axis and is divided into 

user-defined bins. Bin 3 constitutes the target state. In the upper left-hand corner, a starting structure is 

prepared and placed in the starting bin. The first iteration of WE creates two trajectories with an equal 

probabilistic weight. A short MD simulation with a fixed time interval of τ is then propagated, at which point 

one trajectory enters a new bin. The next WE iteration then splits the statistical weight of each trajectory 

appropriately. Ideally, this process is repeated until a sufficient number of trajectories reach the target state 

to estimate a rate constant. Figure reprinted from Donovan et. al. (2013)33. 

2.2 Preparation of the Simulation System 

An unpublished NMR structure of the BdpA G29A mutant solved by collaborator Prof. Seth 

Horne was used as the starting model (Figure 1). The quality of the model was assessed using 

the MolProbity webserver34.  Model 1 scored in the 83rd percentile of structures and showed no 

Ramachandran outliers and was hence picked as the starting structure for the simulation. Residue 

1 was mutated from valine to alanine using the SCAP software program35. The C-terminus was 

capped with an amide group to remove the negative charge using Avogadro36. Protonation states 

were chosen to be consistent with the pH 5.0 experimental conditions, including a positively 

charged His18 that had been observed experimentally4. The PACKMOL software package37 was 

used to create an 85 Å truncated octahedral box with BdpA surrounded by 5 acetate ions that 
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were parameterized for the Amber ff15ipq forcefield38. The size of the box was designed such 

that a high-temperature unfolded conformation of the protein would have 12 Å clearance from the 

edge of the box; the unfolded conformation was generated by a previous 20-ns MD simulation at 

600 K. The protein was modeled using the Amber ff15ipq force field, solvated with SPC/EB water 

molecules, and the system was neutralized with 34 Na+ and 28 Cl- ions39. The Na+ and Cl- ions 

used parameters derived by Joung and Cheatham intended for the SPC/E water model40. The 

acetates, Na+ ions, and Cl- ions were added to be consistent with the corresponding 

concentrations used in experiments. After solvation and neutralization, the total system contained 

47,830 atoms.  

2.3 Energy Minimization, Equilibration, and Propagation of Dynamics 

The solvated, neutralized system was energy-minimized and equilibrated in three stages. 

In the first stage, the system was equilibrated for 20 ps under NVT conditions at 298 K with a 

harmonic restraint of 1.0 kcal/(mol-Å2) applied to the heavy atoms of the protein. In the second 

stage, the system was equilibrated for 1 ns under NPT conditions at 298 K and 1.0 atm using the 

Langevin thermostat and Monte Carlo barostat. The Langevin thermostat was used because WE 

simulations require a stochastic thermostat to be used in the underlying dynamics27. Again, the 

protein heavy atoms were restrained. In the third stage, the system was equilibrated for 1 ns 

without restraints under the same NPT conditions. In all MD simulations, all bonds to hydrogens 

were constrained to their equilibrium values using the SHAKE algorithm41, enabling a 2-fs 

timestep. Non-bonded interactions were truncated at 10 Å and long-range electrostatic 

interactions were calculated using the particle mesh Ewald method. In all NPT simulations, the 

Monte Carlo barostat relaxation time was set to 1.0 ps. In all equilibration simulations, the collision 

frequency for the Langevin thermostat was set to 1.0 ps-1 and during production simulations, the 

collision frequency was reduced to 0.001 ps-1; by reducing the collision frequency, and hence the 

coupling strength, the perturbation of the dynamics caused by the thermostat is reduced42. In all 
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MD simulations, the Amber ff15ipq forcefield38 was used in conjunction with the three-point 

SPC/Eb water model43, which reproduces experimentally measured tumbling times of proteins in 

solution43. 

2.4 Weighted Ensemble Simulations of Protein Unfolding 

All WE simulations were carried out using the open-source WESTPA software package44 

and dynamics were propagated using the Amber18 software package39 with the forcefield and 

parameters described above. A two-dimensional progress coordinate was applied, consisting of 

(i) the backbone RMSD of helix 1 (residues 6-17) from the folded protein (i.e. energy minimized

NMR structure) and (ii) the backbone RMSD of the of helix 2 (residues 24-36) from the folded 

protein. RMSD calculations for each individual helix involved aligning on residues 6-17, 24-36, 

and 41-54 of the three-helix bundle, excluding loop regions and the flexible N- and C-termini. 

Each of the two dimensions of the progress coordinate was divided into 10 bins. The bin spacing 

was automatically adapted after each iteration to encourage bin transitions. The simulation was 

carried out for N=101 WE iterations each with a fixed interval τ-value of 100 ps, yielding a 

maximum molecular time (Nτ) of 10.1 ns and an aggregate simulation time of ~3 µs, requiring 

~196 hours of wallclock time using 1 to 4  NVIDIA GTX1080 GPUs at a time.  

2.5 Assessment of Simulation Convergence 

The convergence of the simulation was assessed by monitoring the instantaneous 

probability distribution at different timepoints during the simulation as a function of the progress 

coordinate. As shown in Figure 3, the probability distribution evolved throughout the simulation. 

Between iterations 1 and 25, all trajectories remain below 6 Å backbone RMSD for helix 1 and 4 

Å backbone RMSD for helix 2. Higher RMSDs are rapidly reached between iterations 50 and 75. 

The difference in the probability distribution between iterations 75 and 101 is less pronounced, 

but some unfolded trajectories reach higher RMSDs. Importantly, there are no regions of relatively 
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high probability where both helix 1 and helix 2 attained high RMSDs, suggesting that unfolded 

state has not been fully populated and that the simulation did not converge.  

2.6 State Definitions 

The folded and unfolded states were defined based on the probability distribution as a 

function of the two-dimensional progress coordinate (Figure 3). The folded state was defined as 

any conformation having an RMSD of the helix 1 backbone (residues 6-17) of < 5 Å from the 

folded protein and an RMSD of the helix 2 backbone (residues 24-36) of < 2 Å from the folded 

protein. Likewise, the unfolded state was defined as any conformation having a helix 1 backbone 

RMSD of > 6 Å from the folded protein and a helix 2 backbone RMSD of > 4 Å from the folded 

protein.  For both the folded and unfolded state definitions, RMSD calculations for each individual 

helix involved aligning on residues 6-17, 24-36, and 41-54 of the three-helix bundle, excluding 

loop regions and the flexible N- and C-termini. This definition of the unfolded state is preliminary 

and will need to be refined in future simulations that can provide more extensive sampling of the 

unfolded state.  
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Figure 3: State definitions and assessment of simulation convergence. A. (Top): The probability distribution 

was visualized after 1, 10, 25, 50, 75, and 101 WE iterations, corresponding to 0.1, 1, 2.5, 5, 7.5 and 10.1 ns 

of molecular time, respectively. The color bar of each histogram plot corresponds to the probability distribution 

on an inverted natural log scale corresponding to the free energy. The folded state is defined as being 

backbone RMSDs below 5 Å for helix 1 and below 2 Å for helix 2 and is delineated by the orange lines. The 

unfolded state is defined as backbone RMSDs above 6 Å for helix 1 and above 4 Å for helix 2 and is delineated 

by the pink dashed lines. The RMSDs were calculated for each individual helix by aligning on residues 6-17, 

24-36, and 41-54 of the three-helix bundle. The probability continues to evolve at every chosen timepoint. The

most probability remains below 6 Å RMSD for helix 1 and 4 Å RMSD for helix 2.
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3.0 Results and Discussion 

In this study, the WE technique was employed in conjunction with molecular dynamics to 

simulate unfolding pathways of the BdpA G29A mutant at 298 K. The RMSD of the helix 1 

backbone atoms and the RMSD of the helix 2 backbone atoms aligned to the three-helix bundle 

(residues 6-17, 24-36, and 41-54) of the starting structure were used as the progress coordinate 

to generate unfolding events. Preliminary definitions of the folded and unfolded states involved 

the backbone RMSDs of helices 1 and 2. The highest backbone RMSD achieved for helix 1 is 

15.5 Å and the helix 2 reaches a maximum backbone RMSD of 14.2 Å. It was observed that helix 

1 reached approximately 6 Å backbone RMSD within 25 WE iterations (2.5 ns molecular time) 

while helix 2 reached approximately 3.5 Å within the same time. After 50 WE iterations (5 ns 

molecular time) helix 2 reached approximately 8 Å backbone RMSD, but with lower probability 

than below 4 Å; during this time, helix 1 remained near 6 Å. Hence, helix 2 reached the defined 

unfolded state before helix 1. After 75 iterations (7.5 ns), helix 1 and helix 2 had both reached 

approximately 14 Å backbone RMSD, indicating that both helices had undocked from the three-

helix bundle. After 10 ns, helix 1 had explored backbone RMSDs over 15 Å, but with very low 

probability.  

Figure 4A illustrates in more detail the conformational space explored by each helix during 

the course of the simulation. Here, instead of plotting the evolution, the average probability 

distribution of all 101 iterations is shown. It is observed that the highest probability trajectories 

remain below 6 Å for helix 1 and 4 Å for helix 2, helping to validate the choice of definitions for the 

folded and unfolded states. Interestingly, some trajectories enter regions where helix 1 is in the 

unfolded state while helix 2 remains in the folded state and vice versa. However, trajectories 

reaching the highest backbone RMSDs show that the two progress coordinates are highly 

correlated in the unfolded state.  



14 

A representative unfolding pathway (Pathway 1), selected because it explores the highest 

RMSD areas of conformational space explored during the simulation (above 14 Å from the folded 

three-helix bundle for both helices), is traced in Figure 4A and indicates that helix 2 reaches the 

unfolded state before helix 1. The numbers that are overlaid along the traced pathway indicate 

the backbone RMSDs of snapshot configurations along the pathway depicted in Figure 4B. These 

configurations illustrate important events along the unfolding pathway. Configuration 1 is the 

starting structure of the folded state; configurations 2, 3, 4, 5, and 6 correspond to 1 ns, 2.5 ns, 5 

ns, 7.5 ns, and 9.8 ns of molecular time, respectively. Configurations 1 and 2 are in the folded 

state; configuration 3 shows helix 2 in the unfolded state but helix 1 in the folded state; 

configuration 4 shows helix 2 in the unfolded state and helix 1 between the folded and unfolded 

states; configurations 5 and 6 are in the fully unfolded state. After 1 ns, the C-terminal end of helix 

2 bends outwards from the hydrophobic core. The majority of native contacts – or residue-residue 

contacts within 4.5 Å formed in the native, folded state – in the hydrophobic core remain formed. 

Dynamic fluctuations within the folded state ensemble routinely break native contacts observed 

in the starting structure of a protein. After 2.5 ns, helix 2 begins to lose helical character from its 

C-terminal end, but the hydrophobic core remains largely intact, retaining 58% of its native

contacts. After 5 ns, helix 2 has lost most of its helical character and has become undocked from 

helix 1 but still interacts with helix 3 through the F30 sidechain. The undocking of helix 2 drastically 

reduces native interactions in the hydrophobic core to 43%. Helix 1 and helix 3 remain docked 

and retain some native interactions. After 7.5 ns, helix 1 has undocked from helix 3 and helix 1 

has lost some helical structure. Helix 2 has become largely unstructured but undergoes some 

hydrophobic sidechain interactions with helix 3. Therefore, despite helix 1 and helix 2 both 

undocking, attaining backbone RMSDs of 14.1 and 13.6 Å from the folded three-helix bundle 

respectively, 36% of native hydrophobic core interactions are retained. After 9.8 ns, helix 1 

remains undocked and has lost some of its structure. Helix 2 remains largely unstructured but 
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continues to interact with helix 3 and hence 35% of native hydrophobic core interactions remain. 

Helix 3 retains its helical structure throughout the unfolding pathway.  

Figure 4A (Top): The cumulative probability distribution is shown. Helix 1 backbone RMSD reaches a 

maximum of 15.5 Å and helix 2 backbone RMSD reaches a maximum of 14.2 Å from the folded three-helix 

bundle. A representative unfolding pathway (Pathway 1) is traced in cyan. The folded state is delineated as 

being within the orange lines; unfolded state is delineated as being outside of the orange lines. Numbers 

1-6 indicate the place along the progress coordinate the representative configurations from the unfolding

pathway shown in part B were taken from. B (Bottom): Representative configurations from the unfolding
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pathway traced in cyan in figure 5A are shown. The fraction of native contacts between the hydrophobic 

core residues (defined as interactions within 4.5 Å between residues A12, F13, I16, L17, F30, I31, L34, 

A42, L44, L45, A48, and L51) is noted in red text. Times are given as molecular time.  

Additional unfolding pathways were analyzed to understand pathways that entered 

regions where helix 1 displayed unfolded backbone RMSDs while helix 2 backbone RMSDs 

remains below the unfolded state cutoff. A representative pathway (Pathway 2) traced over the 

average probability distribution of all 101 iterations is shown in Figure 5A. Helix 2 crosses the 

unfolded state cutoff earlier in Pathway 2 than helix 1, but later returns to lower backbone RMSDs 

while helix 1 reaches unfolded state backbone RMSDs. Snapshot configurations of this pathway 

are shown in 5B and illustrate important events along the unfolding pathway. Configuration 1 is 

the starting structure of the folded state; configuration 2, 3, 4, 5, and 6 correspond to 1 ns, 2.5 ns, 

4.4 ns, 6.9 ns, and 10.1 ns, respectively. Configurations 2 and 3 are the same as configurations 

2 and 3 from Pathway 1 in Figure 4B, showing that the two pathways are correlated and do not 

diverge within the first 25 iterations of the simulation. After 4.4 ns, Pathways 1 and 2 have 

diverged. Helix 2 becomes dissociated from helix 1 and helix 3, entering the unfolded state but 

only partially undocking. Helix 1 remains at the cusp of the folded state and retains its helical 

character. Nonetheless, the hydrophobic core has only retained 42% of native interactions. After 

6.9 ns, helix 2 remains in the unfolded state, shows increased flexibility, but still undergoes some 

sidechain interactions with helix 3. Meanwhile, helix 1 undocks from the three-helix bundle, 

entering the unfolded state. Despite undocking, helix 1 retains its helical structure and 40% of 

native hydrophobic core interactions are preserved. After 10.1 ns, helix 2 has left the unfolded 

state and interacts closely with helix 3 but the backbone RMSD remains above the folded state 

cutoff. Helix 1 remains undocked in the unfolded state. This movement partially reassembles the 

hydrophobic core, which is reflected with an uptick to 49% native interactions. Interestingly, the 

helices largely retain their helical character in each snapshot.  
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No pathway could be identified where helix 1 unfolded before helix 2. These results 

suggest that the unfolding of helix 2 before helix 1 may be requisite for the unfolding of BdpA 

G29A at room temperature. It is possible that helix 1 loses interactions with helix 2 before it can 

become undocked from helix 3 and that the “breathing” motion of helix 2 dissociating and then 

reassociating with helix 3 as illustrated here allows for this to happen. 

Figure 5A (Above, Top): A second representative pathway (Pathway 2) was traced in cyan. The folded 

state is delineated as being within the orange lines; the unfolded state is delineated as being outside of the 
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orange lines. Numbers 1-6 indicate the places along the progress coordinate that the representative 

configurations from the unfolding pathway shown in part B were taken from. B (Above, Bottom): 

Representative configurations from the unfolding pathway traced in cyan in figure 6A are shown. The 

fraction of native contacts between the hydrophobic core residues (defined as interactions within 4.5 Å 

between residues A12, F13, I16, L17, F30, I31, L34, A42, L44, L45, A48, and L51) is noted in red text. 

Times are given as molecular time. 

To our knowledge, no atomistic simulations have been reported at room temperature for 

the unfolding process of the BdpA G29A mutant- until now. However, published unfolding studies 

on the wildtype construct can give indirect insight into the similarities and differences in the 

unfolding pathways of the wildtype protein vs. the G29A mutant. It is also important to note that 

the published experiments were conducted under chemically denaturing conditions, unlike our 

simulation study. The unfolding pathways depicted in Figures 4 and 5 contradict Bottomley et al’s 

1994 tryptophan fluorescence unfolding study on wildtype BdpA that indicated under increasing 

denaturant conditions, helix 1 unfolds first followed by helix 2 and helix 3 together6. This differs 

from the representative unfolding pathways described here. Alonso and Daggett performed two 

high-temperature (498 K) unfolding MD simulations on BdpA and observed different unfolding 

pathways3. In one pathway, the Glu16-Lys50 salt bridge was disrupted early in the simulation, 

leading to the denaturation of helix 1 followed by helix 2. In the second simulation using the same 

methodology and starting structure, helix 2 dissociated first, followed by helix 1. In both 

simulations, helix 3 retained the most helical character, like in the representative unfolding 

trajectories presented here. Importantly, while the simulation presented here shows that helix 1 

can be in the unfolded state while helix 2 remains folded, helix 2 needs to at least partially unfold 

first for helix 1 to undock at room temperature without denaturant. Lastly, the residual secondary 

structures within the unfolded state observed here reflect experimental results that show residual 

secondary structure under mildly denaturing conditions9. However, because the simulation 

presented here is not converged, it is impossible to extrapolate fully about the range of pathways 

that are possible at room temperature without denaturant. 
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4.0 Conclusions and Future Directions 

Here, to our knowledge, the first atomistic unfolding pathways at room temperature of the 

BdpA G29A mutant have been simulated. A key observation from representative trajectories is 

that helix 2 partially dissociates from the three-helix bundle, before helix 1 can enter the unfolded 

state and subsequently undock from helix 3. Afterwards, helix 2 can either fully undock to form an 

extended unfolded state, as seen in Pathway 1 (Figure 4) or re-dock to helix 3 to form a more 

compact, partially-unfolded state as seen in Pathway 2 (Figure 5). Helix 1 and helix 2 reach higher 

backbone RMSDs from the folded three-helix bundle in the unfolded state than helix 3, which 

retains more helical structure than helices 1 and 2 in the representative pathways. 

This initial WE simulation lays the groundwork for further room temperature unfolding 

simulations of BdpA using the weighted ensemble strategy. A promising two-dimensional 

progress coordinate consisting of the backbone RMSD of helix 1 and the backbone RMSD of helix 

2 from the three-helix bundle (residues 6-17, 24-36, and 41-54) of the folded protein structure was 

identified for generating unfolding events in which the majority of native contacts in the 

hydrophobic core were broken and the three-helix bundle dissociated upon helices 1 and 2 

undocking. This progress coordinate also allowed for a preliminary definition of the unfolded state, 

characterized by helix 1 having a backbone RMSD > 6 Å and helix 2 having an RMSD > 4 Å from 

the three-helix bundle of the folded protein structure. The next step is to initiate WE simulations 

from the sampled unfolded conformations to extensively sample the unfolded state ensemble.  
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