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Abstract. We perform several molecular dynamics (MD) calculations of solvated alanine 

dipeptide and decalanine in vacuum with temperature as a tunable parameter and in the process, 

generate Markov state models (MSMs) at each temperature. An interesting observation that the 

kinetic rates appear to obey the Arrhenius rate law allows us to predict the dynamics of alanine 

dipeptide at 300 K at the microsecond timescales using the nanoseconds long high temperature 

calculations without actually performing MD simulations at 300 K. We conclude that the energy 

landscape of alanine dipeptide contains superbasins deeper than kBT and determine the energy 

barriers associated with the moves from the Arrhenius rate expression. Similar insights regarding 

the energy landscape associated with folding/unfolding pathways of a deca-alanine molecule are 

obtained using kinetic rates calculated at different temperatures. 

1.  Introduction 

A protein molecule can exist in different configurations that determine its biological activity. 

Consequently, significant efforts have been made over the last three decades to understand the stable 

configurations, free energy differences between the stable configurations, and the mechanisms for 

transformations from one configuration to another[1–6]. In recent years, a large number of studies have 

focussed on the application of Markov State Models to describe the dynamics of solvated biomolecular 

systems. An MSM enables one to study the dynamics of protein systems in terms of state-to-state 

transitions thereby providing a systematic approach for understanding the nature and timescales of 

evolution of the system. Pande and co-workers have pioneered the development of an automated kinetic 

clustering procedure for building of MSMs by post-analyzing long room temperature MD 

trajectories[5]. Generating an accurate MSM requires extensive MD calculations especially when the 

system remains trapped in certain states for extended periods of time, a situation that is frequently 

encountered when large free energy barriers are present. Several accelerated MD methods have been 

proposed to overcome the issue of long-lived metastable states leading to poor sampling[7–12]. 

 Our interest lies in methods employing high temperature simulations to overcome energy barriers. 

Although high temperature simulations are often used for seeding standard simulations and REMD has 

been widely used for enhanced conformational sampling, very few studies have directly applied high 

temperature simulations to generate MSMs of biomolecular systems[13]. Establishing the connection 

between high temperature and low temperature dynamics opens up the possibility of applying 
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temperature accelerated schemes[14,15] to enhance study of rare events in proteins and other 

biomolecular systems while recovering the correct dynamics at room temperature. We show that high 

temperature MD calculations can efficiently provide information about the states and the kinetic rates 

of the solvated alanine dipeptide with a speed-up of almost 500 times over room-temperature MD 

calculations[16]. In this process, additional insights about the energy landscape are obtained compared 

to single temperature MD calculations of similar duration.  

 We employ a swarm of independent MD calculations in parallel at high temperatures to accelerate 

conformational sampling. The states are determined on-the-fly in terms of energy-minimized 

configurations of the biomolecule using a distance-metric. Once the states have been identified at a high 

temperature, we perform shorter MD simulations starting from selected states at different temperatures 

to obtain the rate constants associated with specific moves originating from these states. A consistent 

picture of the states and kinetic pathways is obtained across different temperatures. A similar method is 

applied to the decaalanine system in a force spectroscopy setup in vacuum to obtain the energy barriers 

along a folding/unfolding path.  

 

2.  Methodology 

 
2.1 System Preparation 

A single molecule of blocked N–acetyl–N'–methyl–L–alanylamide (or alanine dipeptide), was 

immersed in a rectangular box of 390 pre-equilibrated TIP3P water molecules bringing the total system 

size to 1192 atoms. The final system was in the form of a cubical cell with dimensions 2.3x2.3x2.3 nm3. 

The CHARMM27 force-field[17] was used. We constructed MSMs for the capped deca-alanine (Ala10) 

with acetylated N-terminus and amidated C-terminus in vacuum, stretched under a force-spectroscopy 

setup. The Cα atoms at the two ends (residues 1 and 10) are tethered to two anchor points by harmonic 

restraints with a spring constant of 0.86 kcal/mol/Å2 . The initial configuration was obtained from the 

104-atom helical model of Ref.[18]. 
 

2.2 Simulation Protocols 

Prior to the main simulation, the system was minimized using the conjugate gradient method for 1000 

steps following which it was equilibrated for 3 ns at 300 K and constant pressure of 1 atm. Subsequent 

simulations were performed at constant volume and temperature (canonical ensemble) with NAMD[19] 

with periodic boundary conditions and particle mesh Ewald electrostatics[20] in the canonical ensemble 

using Langevin thermostat[21] at 600, 450 and 750 K. An integration time-step of 2 fs was used with 

RATTLE[22] and SETTLE[23] algorithms applied to covalent bonds involving hydrogen in the peptide 

and water respectively. A swarm of independent MD trajectories are generated that share the state 

information. The state of the system in each trajectory is monitored on-the-fly. State-matching is 

performed based on the internal coordinates of the molecule with a tolerance of 1.5 Å following 

alignment using the Kabsch algorithm. A match is said to occur when respective heavy (non-hydrogen) 

atoms of the alanine dipeptide molecule are within the tolerance value after the molecule has been 

aligned to one of the energy-minimized structures via rotation and translation operations. The MD 

calculation is stopped once the system moves to a new state. The waiting time for each escape is recorded 

and a new calculation is started from the new state using the same procedure. 

 

3.  Results 

3.1 Kinetics of alanine dipeptide 

A total of 16 states of alanine dipeptide were discovered using the state-identification procedure 

described above. Of these, five major states (labelled A-E) were identified that accounted for >99% 

occupation probability of the molecule in the range of temperatures studied. States A and C are 

associated with the αR conformation of the molecule. States B and D are located in the region commonly 

associated with the β/PII/C7eq structures of the system. State E can be identified with the C7ax 

conformation. The rate constants were obtained using the maximum likelihood estimate (MLE)[24] i.e., 
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𝑘𝛼 = 𝑛/𝑡𝑀𝐷  where n denotes the number of times a move has been observed and  is the total MD 

time elapsed for this move. The Arrhenius plot for the move A-B is shown in Figure 1(b). The rate 

constants for the move from state A to B from MLE are given by 0.045, 0.102, 0.150 and 0.188 ps-1 at 

300, 450, 600 and 750 K when plotted against inverse temperature, fall on a straight line in semi-

logarithmic coordinates demonstrating the validity of the Arrhenius expression 

. The pre-exponential factor and activation barrier for the A-B move were 

estimated to be 0.53 ps-1 and 0.064 eV. An interesting observation is that the pre-exponential factor is 

not temperature dependent for the range of temperatures studied. The fact that the same pre-exponential 

factor and activation barrier can be used at different temperatures indicates that the move between two 

states of alanine dipeptide proceeds via a single mechanism. 

The rates estimated at 300 K for the moves from state A using the Arrhenius expression were compared 

to the ones obtained directly from regular MD using MLE at 300 K to validate our procedure. The 

estimated rates for the move from state A to state B, C and D are 0.048, 0.0014, 0.0011 ps-1, respectively, 

while the rate calculated using MLE were 0.045, 0.0015, 0.0011 ps-1, respectively. Although a direct 

comparison of the kinetic rates with previous studies is not possible due to differences in the system 

setup and force fields used, we found 

that the kinetic rates predicted at 300 

K from the high temperature 

simulations are consistent with 

results from experiments as well as 

previous simulation studies. The rate 

for moves from A to B (alpha-helix 

to beta strand transitions) is 

estimated to be 0.045 ps-1 

corresponding to a mean escape time 

of 22 ps which is comparable to 

previous studies[25]. 

 

Fig. 1.  (a) Probability density for 

escape (or waiting) times 

distributions obtained for the move 

from state A to B at 750, 600, 450 

and 300 K. Dashed lines denotes the 

exponential distribution of escape 

times using the rate constant 

calculated by maximum likelihood 

estimation. (b) Arrhenius plot 

showing the variation of the rate 

constants with temperature for the 

move A-B. The rate constants fall 

on the dashed line showing the 

Arrhenius behaviour. (c) Markov 

State Model (MSM) constructed for 

solvated alanine dipeptide. The rate 

constants at 300 K are the obtained 

from high temperature simulations. 

 

 The energy barriers and pre-

exponential factors estimated using 

the Arrhenius expression showed the pre-factors to be temperature independent indicating that each 

move proceeds via a single mechanism. The largest energy barrier was 8.3 kcal/mol for the move C-E, 

while the move from C-A had a negligible barrier of 0.054 kcal/mol. The size of the observed energy 

MDt
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barriers can be explained by making comparisons to the corresponding barriers for alanine dipeptide in 

vacuum from previous studies[26,27]. The barriers for the moves B-E, E-B, and E-D are 6.55, 5.7 and 5 

kcal/mol, respectively, in the solvated system. The corresponding barriers in vacuum[27] are less than 

7, 5 and 5 kcal/mol, respectively, i.e., they are similar to the ones for solvated alanine dipeptide. The 

location of the states B, D and E in the - map are slightly altered due to the presence of solvent 

molecules. The large activation barriers point to the depth of the superbasins being significantly more 

than kBT. The barriers involved in these moves are energetic in nature. The origin of these barriers can 

be attributed to the large energy changes associated with the backbone torsional changes in alanine 

dipeptide that are also witnessed in vacuum. The presence of solvent molecules introduces ripples in the 

potential energy landscape 

 

 

3.2 Kinetics of Decaalanine 

We consider a single deca-alanine molecule that is stretched at two ends as shown in Fig. 2a. 

The Cα atoms (residues 1 and 10) are tethered to two anchor points by harmonic restraints 

(spring constant of 0.86 kcal/mol/Å2). The anchors are separated by a distance of 24 Å. The 

result of the applied force is that the α-helical structure (Fig. 2a, state 1) is no longer the 

preferred configuration, unlike the behaviour observed in the absence of an applied force. 

Instead the molecule can stretch dramatically as shown in Fig.2a (state 17). 

 

State-constrained MD calculations were performed at 300, 400 and 500 K starting from the α-

helical structure to reveal other states of the system using a procedure analogous to the one for 

alanine dipeptide. The pathway involving 

transitions between states 17-6-2-1 can be 

regarded as the folding pathway. As evident 

from Table 1, the α-helicity decreases while 

310-helicity increases along this pathway. In 

addition, the α-helical structure can form a 

deformed helical state denoted as state 3, 

which in fact is the dominant state at anchor 

separation of 24 Å. Unfolding of the deca-

alanine entails breaking of the hydrogen 

bonds, so the question arises how large is 

the energy change.   

 

Figure 2. (a) Snapshots showing the states 

1,2,3,6 and 17 along the chosen 

folding/unfolding pathway with the kinetic 

rates calculated at 300 K with anchor 

separation 24 Å. (b) The Arrhenius plot 

showing the variation of the kinetic rates of 

conversion between the states with inverse 

temperature in semi-logarithmic scale.  

 

 We answer this question by analyzing the 

temperature dependent kinetics from states 

2, 3 and 6 (see Fig. 2). The correlation coefficient between the data and the Arrhenius fit exceeds 

0.96. This permits us to calculate the Arrhenius parameters. Surprisingly, the activation barriers 

involved in the pathways are small. For instance, the barrier for the move from state 2-1, 2-6 
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and 6-17 are found to be 0.01, 0.069 and 0.039 eV, respectively. These small barriers indicate 

the folding or unfolding proceeds as the molecules slithers into a compact or elongated form. 

Minor rearrangements in the process could explain the small barriers. This conclusion is also 

supported by the α- and 310-helicity shown in Table 1. 

Table 1. Average α-helicity and 310-helicity of states along a folding pathway. 

 
State α-Helicity 310-Helicity 

1 0.801 0.08 

2 0.201 0.21 

6 0.021 0.19 

17 0.013 0.15 

 

  

4.  Discussions 

We use molecular dynamics (MD) temperature as a probe to explore the overall features of the potential 

energy landscape of the solvated alanine dipeptide system and the decaalanine system in a force 

spectroscopy setup in vacuum. In alanine dipeptide, the moves between the states are found to be first 

order processes and the rate constants were found to obey the Arrhenius expression. Some of the 

activation barriers extracted from the Arrhenius fits were found to be significantly larger than kBT 

showing that the landscape can be characterized in terms of deep energy superbasins. The method was 

applied to the decaalanine system to obtain the energy barriers along a folding/unfolding pathway in a 

force spectroscopy setup. The surprisingly small barriers along the pathway chosen in the study shows 

that the molecule unfolds/folds by small rearrangements, i.e., wriggles into compact or elongated form. 
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