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1. Introduction 

Proteins are the major functional elements in the living cells. Genetic information is stored in 
DNA. To release this information, DNA needs to be transcribed into mRNA which in turn is 
translated into protein. The alphabets are four bases for DNA and twenty amino acids for 
protein. The genetic code was revealed in 1950s with every amino acid coded by three 
consecutive bases. However, the amino acid sequence is only the primary structure of 
proteins. For proteins to be functional, the primary structure needs to fold into tertiary 
structure which is the optimal packing of secondary structures, namely alpha-helix and beta-
sheet. In some cases, the tertiary structures of several proteins or subunits need to come 
together and form quaternary structure. The so-called “protein folding” problem mainly 
concerns the detailed physical transition process from primary structure to tertiary structure. 
Protein folding mechanism consists of two major issues: kinetics and thermodynamics. 
Thermodynamically, the native state is the dominant and most stable state for proteins. 
Kinetically, however, nascent proteins take very different routes to reach the native state. 
Both issues have been extensively investigated by experimental as well as theoretical 
studies. The pioneering work by Christian Anfinsen in 1957 led to the creation and 
dominance of the “thermodynamic hypothesis” (also called “Anfinsen’s dogma”) which 
states that the native state is unique, stable and kinetically accessible free energy 
minimum(Anfinsen 1973). Under this guidance, many works have been done to pursue the 
illusive kinetically accessible folding pathways. One of the most famous earlier example is 
the “Levinthal’s paradox” presented by Cyrus Levinthal in 1968, which states that the 
conformational space of proteins is so large that it will take forever for proteins to sample all 
the possible conformations before finding the global minimum(Levintha.C 1968). This 
essentially eliminated the possibility of global conformational search and pointed to the 
optimized folding pathways. 
Towards this end, several well-known theories have been presented. The “framework 
theory” or similar “diffusion-collision theory” states that the formation of secondary 
structures is the first step and foundation of the global folding(Karplus and Weaver 1994). 
The “nucleation condensation theory”, on the other hand, emphasizes the contribution from 

www.intechopen.com



 
Thermodynamics – Kinetics of Dynamic Systems 

 

112 

specific global contact as the initiation point of both secondary structure formation and global 
folding(Fersht 1995). In contrast to the emphasis on native contacts -- global or local— in these 
two theories, the “hydrophobic hydration theory” states that the general repulsion between 
hydrophobic residues and water environment drives the spatial redistribution of polar and 
non-polar residues and the eventual global folding(Dill 1990). In the more recent “funnel 
theory”, the kinetics and thermodynamics of protein folding are better illustrated as funnel-
shaped where both conformational space (entropy) and energy (enthalpy) gradually decrease 
and numerous kinetic traps exist en route to the global folding(Bryngelson, Onuchic et al. 
1995). However, the driving force for protein folding is not specified in this theory. 
In order to prove or disprove any theory, experimental evidence is needed. There are several 
techniques developed or applied to protein folding problem. First, the structure of the 
investigated protein needs to be solved by X-ray crystallography or NMR (nuclear magnetic 
resonance). High resolution X-ray structure is preferred. However, many of the model 
proteins can not be crystallized, therefore only NMR structures are available. Circular 
dichroism (CD) is one of the classical techniques for protein folding study. The proportion of 
secondary structures can be reflected in CD spectrum. The change of CD spectrum under 
different temperature or denaturant concentration can be used to deduce melting 
temperature or unfolding free energy. To study the fast folding process, however, CD itself 
is insufficient. Fast, time-resolved techniques include ultrafast mixing, laser temperature 
jump and many others. Other than CD, natural or designed fluorescence probes can be used 
to monitor the folding process.  It should be noted that the “real” folding process may not be 
reflected with high fidelity in these folding experiments due to the artificial folding 
environment. In the living cells, proteins are synthesized on ribosome one residue at a time 
and the final products exist in a crowded physiological condition. In the folding 
experiments, however, proteins stay in free artificial solution and undergo various 
perturbations such as denaturation. In addition, fluorescence signal of specific probes can 
not be simply interpreted as the global protein folding, rather it only reflects the distance 
between the two selected residues.  
Apart from experiments, computer simulation is another approach to study protein folding 
mechanism. In the early days, due to the limited computing resources, protein folding 
simulations were performed with extremely simplified models such as lattice models and 
off-lattice models where each residue is represented as a bead and the movement of the 
residues is restricted. This gradually evolved into models with more and more realistic main 
chain and side chain representations including the popular all-atom models in the present 
era. The treatment of the solvent environment has also been evolving. The solvent was 
ignored in the earlier simulations (in vacuo simulations). Continuum models with different 
levels of sophistication have been developed over the years, including the most simple 
linear distance dependent model and the modern generalized Born (GB) models and 
Poisson Boltzmann (PB) models(Onufriev, Bashford et al. 2004). With the continuous 
growing of computing power, explicit representation of water atoms has also been used in 
many folding simulations.  
The first ever microsecond folding simulation was performed with explicit solvent in 
1998(Duan and Kollman 1998). With the help from a super computer cluster, this simulation 
was 100-1000 times longer than any other folding simulation at that time, thus stimulated 
great interest from the general public. In this simulation, the folding pathway to an 
intermediate state was observed. The folding rate of 4.2 μs predicted based on the 
simulation was highly consistent with later experimental finding of 4.3 μs. The success of 
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this milestone work was followed by the highly publicized folding@home project and IBM 
blue gene project among many other works(Zagrovic, Snow et al. 2002). It should be noted 
that thousands or more simulation trajectories are utilized in the folding@home project 
which so far can not reach the time scale for protein folding. The limitation is due to the use 
of idle personal desktop computers which has far less computing power than super 
computers. The IBM blue gene project can overcome this problem by building extremely 
powerful computers that can cover millisecond folding simulation. However, it has yet to 
make a significant progress in protein folding. In a recently published work, a specially 
designed super computer succeeded in the folding of two small proteins(Shaw, Maragakis 
et al.). Although computing power does not seem to be the greatest hurdle from now on, 
this success is unlikely to extend broadly in the near future. The greater challenge lies in the 
accuracy of simulation force fields which will be discussed later.  
In this chapter, we focus on theoretical studies of protein folding by molecular dynamics 
simulations. The kinetics of protein folding can be studies by conventional molecular 
dynamics (CMD). But the insufficient sampling in current CMD simulations prevents the 
extraction of thermodynamic information. This has prompted the development of enhanced 
sampling techniques, among which the most widely adopted technique is replica exchange 
molecular dynamics (REMD), otherwise called parallel tempering. In the past few years, we 
have applied both CMD and REMD to the ab initio folding – meaning folding from extended 
polypeptide chain without any biased force towards the native contacts – of several model 
proteins, including villin headpiece subdomain (HP35), B domain of protein A (BdpA), 
albumin binding domain (ABD), and a full sequence design protein (FSD). To enhance the 
conformational sampling, we used an implicit solvent model GB/SA (surface area) 
implemented in the AMBER simulation package. The accuracy of protein folding reached 
sub-angstrom in most of these simulations, a significant improvement over previous 
simulations. Based on these high accuracy simulations, we were able to investigate the 
kinetics and thermodynamics of protein folding. The summary of our findings will be 
presented here in details. Finally, we will stress the critical role of force filed development in 
studying folding mechanism by simulation. 

2. Kinetics and thermodynamics from ab initio folding simulations 

2.1 Villin headpiece subdomain: Traditional analysis 
Villin headpiece subdomain (HP35) is a small helical protein (35 residues) with a unique 
three helix architecture (Fig 1). Helix I is nearly perpendicular to the plane formed by helices 
II and III. The three-dimensional structure was solved earlier by an NMR experiment and 
more recently by a high resolution X-ray experiment(Chiu, Kubelka et al. 2005). Due to the 
small size and rich structural information, HP35 has attracted a lot of attention from both 
experimentalists and theoreticians.  
In our previous works, we have conducted CMD to study the folding pathway and REMD 
to study the thermodynamics of HP35(Lei and Duan 2007; Lei, Wu et al. 2007). In the CMD 
work, we observed two intermediate states from the twenty folding trajectories (1μs each), 
one with the well-folded helix II/III segment (defined as the major intermediate state) and 
the other with the well-folded helix I/II segment (defined as the minor intermediate state). 
The best folded structure had C┙-RMSD of 0.39 Å and the most representative folded 
structure had C┙-RMSD of 1.63 Å. The productive folding always went through the major 
intermediate state while no productive folding was observed through the minor 
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intermediate state. Further examination revealed that the initiation of the folding was 
around the second turn between Phe17 and Pro21 rather than the hydrophobic core formed 
by Phe6/Phe10/Phe17. On the other hand, Gly11 was likely most accountable for the 
flexibility of helix I. In addition, the high occupancy of short-distance native contacts and 
low occupancy of long-distance native contacts pointed to the importance of local native 
contacts to the fast folding kinetics of HP35. 
 

 
Fig. 1. Structure of villin headpiece subdomain (HP35) 

In the REMD work, we conducted two sets of REMD simulations (20 replicas and 200 ns for 
each replica) with convergent results. The best folded structure had C┙-RMSD of 0.46 Å and 
the most representative folded structure had C┙-RMSD of 1.78 Å. The folding landscape of 
HP35 was partitioned into four thermodynamic states, namely the denatured state, native 
state, and the two aforementioned intermediate states. The dynamic feature of the folding 
landscape at selected temperatures (300 K, 340 K and 360 K) was consistent in both REMD 
simulations and the corresponding CMD simulations. A major free energy barrier (2.8 
kcal/mol) existed between the denatured state and the major intermediate state, while a 
minor free energy barrier (1.3 kcal/mol) existed between the major intermediate state and 
the native state. In addition, a melting temperature of 339 K was predicted from the heat 
capacity profile, very close to the experimentally determined melting temperature of 342 K.  
Because of the small size, HP35 has been considered as a classical two-state folder. This 
notion is supported by some earlier folding experiments. However, our simulation clearly 
pointed to the existence of folding intermediates. Our two-stage folding model is supported 
by some more recent folding experiments. In a laser temperature-jump kinetic experiment, 
the unfolding kinetics was fit by a bi-exponential function, with slow (5 μs) and fast (70 ns) 
phases. The slower phase corresponds to the overall folding/unfolding, and the fast phase 
was due to rapid equilibration between the native and nearby states. In a solid-state NMR 
study, three residues (Val9, Ala16, and Leu28) from the three helices exhibited distinct 
behavior during the denaturation process, and a two-step folding mechanism was proposed. 
In an unfolding study using fluorescence resonance energy transfer, Glasscock and co-
workers demonstrated that the turn linking helices II and III remains compact under the 
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denaturation condition(Glasscock, Zhu et al. 2008), suggesting that the unfolding of HP35 
consists of multiple steps and starts with the unfolding of helix I. In a mutagenesis 
experiment, Bunagan et al. showed that the second turn region plays an important role in 
the folding rate of HP35(Bunagan, Gao et al. 2009). A recent freeze-quenching experiment by 
Hu and co-workers revealed an intermediate state with native secondary structures and 
nonnative tertiary contacts(Hu, Havlin et al. 2009). These experiments are highly consistent 
with our observations in terms of both the stepwise folding and the rate-limiting step. 
Kubelka et al. proposed a three-state model in which the interconversion between the 
intermediate state and folded state is much faster than that between the intermediate state 
and the unfolded state(Kubelka, Henry et al. 2008). Therefore, the intermediate state lies on 
the folded side of the major free energy barrier, which is consistent with the separation of 
the unfolded state from the other states in our folding simulation. The estimation of 1.6–2.0 
kcal/mol for the major free-energy barrier is also consistent with the estimation from our 
previous REMD simulation. 
Nevertheless, controversy still exists regarding the folding mechanism of this small protein. 
In a recent work by Reiner et al., a folded segment with helices I/II was proposed as the 
intermediate state(Reiner, Henklein et al.), which corresponds to the off-pathway minor 
intermediate state in our work. It should be noted that different perturbations to the system, 
including high concentrations of denaturant, high temperatures, and site mutagenesis, have 
been utilized in different folding experiments. Because of the small size of HP35, the folding 
process may be sensitive to some of these perturbations. With the continuous development 
of experimental techniques that allow minimal perturbation and monitoring of the folding 
process at higher spatial and temporal resolution, the protein-folding mechanism will 
become more and more clear. 

2.2 Villin headpiece subdomain: Network analysis 
REMD is one of the most efficient sampling techniques for protein folding. However, due to 
the non-physical transitions from the exchange of conformations at different temperatures, 
its usage is mostly restricted to thermodynamics study. To get better understanding of the 
kinetics, we decided to extend the CMD simulations from the previous 1 μs to 10 μs in five 
selected simulation trajectories(Lei, Su et al.). Consistent with REMD, the folding free energy 
landscape displayed four folding states (Fig 2), the denatured state on the upper right 
region, the native state on the lower left region, the major intermediate state on the lower 
right region, and the minor intermediate state on the upper left region. The construction of 
the 2D landscape was based on two selected reaction coordinates, RMSD of segment A 
(helix I/II) and segment B (helix II/III). All five trajectories were combined together, and the 
population of each conformation in a small zone was converted to free energy by log 
transformation. From the folding landscape, we can see focused sampling in the native state, 
sparse sampling in the minor intermediate states, and heterogeneous sampling in the 
denatured state and the major intermediates state. The heavy sampling in the denatured 
state was likely due to the limited simulation trajectories. Ideally, thousands of trajectories 
are needed to reach good sampling. However, long simulations like this one are computer 
intensive beyond the capacity of a typical institution.  
The above-described 2D landscape is only an overall display of the conformational 
sampling. To get more details, we performed conformational clustering based on the 
combined five trajectories. We here use the top ten most populated conformational clusters 
to describe the conformational sampling (Fig 3). The center of each conformational cluster 
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was used to represent the cluster. Among the top ten clusters, we can see three 
conformations in the native state (clusters 2, 3 and 10, colored in purple), three 
conformations in the major intermediate state (clusters 5, 6 and 9, colored in green), and four 
conformations in the denatured state (clusters 1, 4, 7 and 8, colored in blue), while the minor 
intermediate state did not show up due to small overall population. The overall energy 
(enthalpy) was not a good indication of the folding. In fact, the energy of the native state 
conformations was the highest and that of the denatured state conformations was the 
lowest. This observation did not violate the “thermodynamics hypothesis” because the 
conformational entropy was not included in the energy calculation. Entropy evaluation has 
long been a difficult subject in the field of computational biochemistry. A breakthrough will 
extend the application of force fields to protein structure prediction. 
 

 
Fig. 2. Folding free energy landscape of HP35 

Based on conformational clustering, we can study the kinetics and thermodynamics of 
protein folding using a new technique called network analysis. Traditionally, protein 
folding is illustrated by 1D profiles such as RMSD (global or partial), energy, solvent 
accessible surface area, radius of gyration and selected distances. The hyper-dimensional 
nature of protein folding makes none of these 1D profiles adequate to reflect the folding 
process. The emergence of 2D maps such as the one in Fig 2 greatly alleviate the problem by 
combining two independent profiles in one map. However, 2D maps are still insufficient to 
represent the hyper-dimensional process. Under this circumstance, several novel 
approaches have been applied to protein folding in recent years, including the 
disconnectivity graph by Karplus and network analysis pioneered by Caflisch(Krivov and 
Karplus 2004; Caflisch 2006).  
Network analysis has gained popularity in protein folding recently(Bowman, Huang et al.; 
Jiang, Chen et al.). In network analysis, protein conformations are represented as nodes and 
the transitions among different conformations are represented as edges. Both nodes and 
edges can be colored based on a specified property, and analysis can be done based on the 
topological distribution of conformations with a specified property. In the folding network 
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of the combined five trajectories (Fig 4), we painted the nodes according to the state identity 
of the conformation and displayed the structure of the top ten populated conformations. 
From this network, we can see the clear separation of the denatured state from the native 
state and major intermediate state. The minor intermediate state was also connected to the 
denatured state. These findings were consistent with the observation from the 2D maps. A 
new finding is the mixing of the native state and major intermediate state which were 
clearly separated in the 2D map. The implication of this new finding is that the barrier 
between these two states is so small that they can easily convert to each other, which is 
supported by experimental evidence.  This study demonstrated the power of network 
analysis and suggested more caution on interpreting 2D maps of protein folding. 
 

 
Fig. 3. Representative structures of the top ten populated clusters of HP35 

The global folding network better reflect the thermodynamics of protein folding. To 
understand the kinetics of protein folding better, a simplified network with shortest path 
can be constructed (Fig 5). In this network, the shortest path connecting the denatured state, 
the major intermediate state and the native state was extracted from the global network. A 
clear flow of conformational transition from the denatured state to the major intermediate 
state and then to the native state was demonstrated in this network. Even the number of 
transitions between any neighboring conformations can be labeled on the network. In the 
denatured state, there were three short paths from the four top conformations to the major 
intermediate state, suggesting multiple folding pathways. Two conformations in the minor 
intermediate state were embedded in the denatured state, suggesting them as off-pathway 
intermediate. In the major intermediate state, the two top conformations close to the 
denatured state (clusters 6 and 9 in Fig 3) had wrongly folded segment A, while the top 
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conformation close to the native state (cluster 5 in Fig 3) had a near native structure. This 
information on the intra-state conformational transition is also helpful to reveal the details 
in the protein folding process. In the native state, the high connectivity among the 
conformations within the state and also with the major intermediate state suggests the 
relative independence of the native state and the low barrier between the native state and 
the major intermediate state. 
 

 
Fig. 4. Folding network of HP35 

In the above two sub-sections, we have presented our study of folding mechanism for HP35 
wild type. A challenging problem in this field is whether mutational effect can be 
reproduced in simulation. To enhance the folding rate of HP35 wild type, a mutant was 
designed to replace two partially buried lysine residues with non-natural neutral residues 
which resulted in the sub-microsecond folding. We conducted similar simulations for this 
HP35 mutant and compared with that of the wild type. Similar to the wild type, the mutant 
simulation also reached sub-angstrom accuracy(Lei, Deng et al. 2008). The folding free 
energy landscape also displayed similar feature with four folding states. However, some 
difference was also observed, especially the increased population of the native state, the 
decreased population of the denatured state, higher melting temperature, and the lower free 
energy barrier between the denatured state and the major intermediate state. These pointed 
to higher stability of the native state and faster folding which is consistent with the 
experiment. A surprising finding is the folding pathways through both intermediate states. 
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Therefore, the two mutated residues not only stabilized the local secondary structure (helix 
III), but also reshaped the folding landscape in several different ways. This kind of detailed 
information can not be obtained from folding experiment as yet. Thus, computer simulation 
will play a complimentary role in the understanding of folding mechanism in the 
foreseeable future. 
 

 
Fig. 5. A simplified folding network of HP35 

2.3 Folding of three other model proteins 
In addition to the folding studies of HP35 wild type and mutant, we also conducted ab initio 
folding on three other model proteins, namely B domain of protein A (BdpA), albumin 
binding domain (ABD), and a full sequence design protein (FSD). Here we will briefly 
describe our results. For detailed information, please refer to the original publications. BdpA 
is another three-helix protein with a different tertiary architecture (Fig 6). Helices II and III 
are relatively parallel to each other and form a plane. Helix I docks to this plane with a tilt 
angle relative to the other two helices. BdpA has 60 residues in the full length version and 47 
residues in the truncated version (residues 10-56) where the unstructured terminal residues 
are trimmed off. In our simulation work, ab initio folding on both versions has been 
conducted. 
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Fig. 6. Structure of B domain of protein A (BdpA) 

Successful folding was achieved in our simulation(Lei, Wu et al. 2008). The best folded 
structure was 0.8 Å RMSD in the CMD of truncated version and 1.3 Å in the REMD of full 
length version. In the CMD simulations, the folding initiated from the formation of helix III, 
followed by the folding of a intermediate state with well folded helix II/III segment, and 
completed with the docking of helix I to the helix II/III segment. The folding pathway was 
similar to that of HP35 except for the initiation step, where it was the formation of helix III 
for BdpA and formation of the second turn for HP35. In the REMD simulations, the most 
populated conformation was a folded conformation with 64.1% population. The melting 
temperature of 362 K from the heat capacity profile was also close to the experimentally 
derived melting temperature of 346 K. From the calculated potential of mean force, the 
native state was 0.8 kcal/mol favored over the denatured state, and the free energy barrier 
from the denatured state to the native state was 3.7 kcal/mol. These findings were in 
qualitative agreement with folding experiments of BdpA. In addition, we tested the 
structure prediction performance based on AMBER potential energy and DFIRE statistical 
energy. Both gave similar performance with most predicted structures near 3.0-3.5 Å RMSD, 
while the structure with the lowest AMBER potential energy was only 2.0 Å RMSD. 
Albumin binding domain (ABD) is yet another three helix protein with different topological 
feature from both HP35 and BdpA (Fig 7). Helices I and III are relatively long and parallel 
with each other, while the shorter helix II serves as linker. NMR studies revealed high 
uncertainty in the first loop and dynamics around helix II. The experimentally determined 
folding rate for wild type ABD is 6 μs. Enhanced folding rate was achieved in two mutants 
(2.5 μs for K5I and 1.0 μs for K5I/K39V).  
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Fig. 7. Structure of albumin binding domain (ABD) 

We conducted 20 CMD simulations (400 ns each) for each of the above mentioned three 
ABD variants. Although the size of ABD is comparable to the truncated BdpA (both 47 
residues), no successful folding of ABD was reported prior to our study. In our simulations, 
the best folded structure reached 2.0 Å RMSD, indicating the first ever successful folding of 
ABD(Lei and Duan 2007). The folding started from the formation of helix I, followed by the 
formation of the other two helices, and completed by the optimal packing of the three 
helices. Although two hydrophobic cores exist in the middle, their formation was late in the 
simulation, suggesting that they are not the driving force of the global folding. Examination 
of conformational sampling revealed that the folded conformation was the most populated 
and significant formation of helices also appeared in other populated conformations. 
Compared to HP35 and BdpA, the accuracy of folding was lower for ABD. This was likely 
coming from several sources. First, ABD is highly dynamic according to NMR experiments 
which makes it difficult to choose a reference structure to determine folding accuracy. 
Second, the trajectory length for ABD (400 ns) was significantly shorter than that of HP35 
and BdpA (both 1 μs). Third and likely most importantly, some features in ABD can not be 
modeled well in the current simulation force fields. The hydrophobic core in ABD may play 
important role in the folding mechanism, while it may play minor role in the folding of 
HP35 and BdpA. Therefore, inaccurate modeling of hydrophobic interaction will lead to less 
accurate folding of ABD than that of HP35 and BdpA. In addition, helix boundaries were 
slightly shifted in the simulation compared with the NMR structure, which may be partially 
due to the inaccurate parameterization of certain amino acids such as Valine. 
The three model proteins described above are all helical proteins. A more challenging task is 
to fold proteins with both alpha-helix and beta-sheet secondary structures.  Full sequence 
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design protein (FSD) is a designed 28- residue ┙/┚ protein. Our previous attempts on the ab 
initio folding of FSD were unsuccessful with the same simulation force field (AMBER FF03) 
used in the successful folding of the three helical proteins. Therefore, we decided to re-
parameterize the force field under the same solvation scheme (GB/SA) for a better balance 
of the two major secondary structures.   
 

 
Fig. 8. Structure of a full sequence design protein (FSD) 

Using the newly developed force field, we conducted ab initio folding of FSD with both 
CMD and REMD(Lei, Wang et al. 2009). High accuracy folding was achieved in terms of 
both the best folded structure (0.8 Å RMSD) and the population of the folded conformation 
(64.2%). High diversity was observed in the sampled denatured conformations, including a 
long helix, a helix hairpin and a long beta-hairpin, indicating good balance of the two major 
secondary structures. The folding of FSD followed two distinctive pathways. The major 
pathway began with the formation of the helix, while the minor pathway started with the 
formation of the beta-hairpin. More specifically, the initiation of the helix started from the C-
terminal and propagated to the N-terminal. The free energy profiles showed different 
stability for the two structural elements. For the helix segment, the native helical structure 
had significantly lower free energy than other conformations. For the hairpin segment, 
however, 2-3 non-native conformations existed with similar free energy, which led to 
several local traps on the free energy landscape. Kinetically, the free energy barrier was 
similar for the folding of both segments (2-3 kcal/mol), but it was a single barrier for the 
helix and multiple barriers for the hairpin. The melting temperature extracted from the heat 
capacity profile was 360 K. However, this temperature merely reflected the melting of the 
helix (~50% helicity at 360 K), while the population of globally folded conformation was 
close to 0% at 360 K. Therefore, caution should be taken when interpreting the “melting 
temperature” extracted from the heat capacity profile. 

3. Kinetics and thermodynamics from unfolding simulations 

Ideally, protein folding mechanism should be studied by ab initio folding. However, due to 
the limited access of super computers by most research groups, ab initio folding simulations 
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are limited to very few small model proteins such as listed in Section 2. For most other 
proteins, an alternative approach is unfolding simulation where the native starting 
structures gradually unfold under the high temperature.  A major assumption with this 
approach is that folding pathway is the reverse of unfolding pathway. To validate this 
approach, we conducted unfolding simulations on HP35, BdpA and FSD and compared the 
unfolding pathways with the folding pathways from ab initio simulations. Here we mainly 
use the unfolding of HP35 as an example.  
We conducted ten unfolding simulations of HP35 at 350 K (100 ns each) and used the 
average properties from these simulations to describe the unfolding process. One of the 
main findings from the ab initio folding simulations was the major intermediate state with 
well-folded helix II/III segment. Thus, we first examined the unfolding of the two 
structural segments (Fig 9). We can clearly see the faster unfolding of the helix I/II 
segment which reached complete unfolding before 20 ns. On the other hand, the 
unfolding of helix II/III segment was much slower and was still fluctuating after 
unfolding. The slower unfolding and higher stability of helix II/III segment suggest that it 
folds earlier than helix I/II segment, which is consistent with the finding from ab initio 
folding.  
 

 
Fig. 9. Unfolding of the two segments of HP35 

Second, we examined the unfolding of the three individual helices using a simple helicity 
measurement (Fig 10).  The three helices showed distinctive unfolding features. Helix I was 
the fastest to unfold and the least stable one, down to 50% within 10 ns and towards 25% 
near 100 ns. On the other hand, helix III was the slowest to unfold and the most stable one, 
fluctuating between 70% and 85% during the whole simulation time. This suggests that helix 
III is the first to fold and helix I is the last to fold, which is also consistent with the ab initio 
folding simulation. 
Further evaluation of the unfolding can be performed at the residue level. We calculated the 
root mean square fluctuation (RMSF) for each residue during the entire unfolding process 
(Fig 11). Overall, the two terminal regions displayed highest fluctuation and the second half 
of the protein was significantly more stable than the first half. Heterogeneity was observed 
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within the helices. Within helix I (residues 3-9), the middle residues 6 and 5 had the lowest 
fluctuation. Within helix II (residues 14-19), the C-terminal residues 17-19 had the lowest 
fluctuation. Within helix III (residues 22-31), most residues had the low fluctuation 
especially residues 24-30. Another interesting observation is the low fluctuation of residue 
20 at the second turn. All these observations were consistent with the folding mechanism 
from the ab initio folding simulations.  
 

 
Fig. 10. Unfolding of the three helices of HP35 

 

 
Fig. 11. Dynamic feature of each residue in the unfolding of HP35 
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A more intuitive way to visualize the folding pathways is by constructing the folding 
landscape. We divided the 100 ns unfolding time into five time frames and constructed 
folding landscape during each time frame (the first and last time frames shown in Fig 12). 
During the first time frame (0-20 ns), the native state was the most dominant one, while 
unfolding to the major intermediate state and denatured state was also observed. During the 
last time frame (80-100 ns), the denatured state became the most dominant one, while the 
major intermediate state was observed but the native state and the minor intermediate state 
were almost undetectable. The reverse of this observed process was exactly what we 
observed in the ab initio folding of HP35. 

 

 
 
 

 
Fig. 12. Shifting of structural ensembles during the unfolding of HP35 
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In addition to the unfolding of HP35, we also conducted unfolding simulations on BdpA 
and FSD, all with ten trajectories of 100 ns simulations at 350 K. The unfolding mechanism 
from these two sets of simulations was also consistent with the folding mechanism from 
previously described ab initio folding simulations. In summary, our comparison between 
unfolding and ab initio folding suggests that unfolding is a valuable approach to study 
folding mechanism when ab initio folding is unfeasible. However, our comparison was 
based on three small model proteins, whether this conclusion can be extended to other 
proteins remains to be a question for future investigation. 

4. Simulation force field development 

At this point, we should stress the importance of force field in protein folding simulation. 
Under appropriate protocol, a simulation is as good as the underlying force field is. 
Currently, the main stream force fields, namely AMBER, CHARMM, GROMOS and OPLS, 
are all point charge models(Duan, Wu et al. 2003). Under this philosophy, a partial charge is 
assigned to every atom of a specific amino acid with the overall charge reflecting the charge 
nature of the amino acid (+1, -1 or 0). In some schemes, the main chain atoms (N, H, CA, C 
and O) are restricted to have the same set of partial charges for every amino acid, while this 
restriction was not applied in some other schemes. The partial charges can be derived from 
fitting to the electrostatic potential calculated by quantum mechanics, or can be assigned by 
chemical intuition. Another major parameterization of force field is the torsion angles, both 
main chain and side chain, which is usually fitted to reflect the potential energy surface of 
amino acid analogs especially Alanine dipeptide calculated by quantum mechanics. The 
major advantage of the current generation force field is the speed. However, as longer and 
longer simulations being conducted, more and more problems have been revealed 
regarding the accuracy of these force fields, including significant bias towards a specific 
secondary structure (alpha-helix or beta-sheet). In light of these problems, the concept of 
polarizable force field has emerged. The major philosophical difference from point charge 
models is the dynamics in charge distribution. Polarizable force fields are being developed 
and will likely become the next generation force field soon. 

5. Conclusion 

Computer simulation is a powerful tool to study the kinetics and thermodynamics of protein 
folding. Here we summarized our study of folding mechanism on four model proteins by 
CMD an REMD. We have reached sub-angstrom folding on HP35, BdpA and FSD and 2.0 Å 
RMSD folding on ABD. From the high quality folding simulations, we extracted a plethora of 
information regarding the folding mechanism, including folding pathways, folding states, free 
energy barriers, melting temperature and folding landscape. We have also applied network 
analysis to the study of folding mechanism and revealed new information about the folding of 
HP35. In addition, the high consistency between unfolding simulations and ab initio folding 
simulations suggest that unfolding simulations can be used as an alternative.   
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