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The question of significant deviations of protein folding times simulated using molecular dynamics
from experimental values is investigated. It is shown that, in the framework of Markov State Model
describing the conformational dynamics of peptides and proteins, the folding time is very sensitive
to the simulation model parameters, such as forcefield and temperature. Using two peptides as
examples we show that the deviations in the folding times can reach an order of magnitude for
modest variations of the molecular model. We, therefore, conclude that the folding rate values
obtained in molecular dynamics simulations have to be treated with care.

Modern computational power is enough to simulate
small proteins up to the times when they fold into their
native conformations [1–4]. This is a remarkable achieve-
ment because phenomenological, relatively simple inter-
atomic interactions built into the model lead to the
molecular structures that essentially coincide with the
crystallographically determined native conformations.
In contrast to the structure of proteins, the results on

folding times are not as optimistic. For the majority of
successfully folded proteins there are significant discrep-
ancies between simulated and experimental folding times
[5–7]. This is taking into account that only the results
when the trajectories approach the folded conformations
sufficiently close are published. In few cases even com-
plete failures to reach the folded state in silico in sim-
ulations significantly exceeding the experimental folding
times are reported [8]. Indeed it is well known in the
modelling community how difficult it is no fold a protein
ab initio, that is without introducing any information on
the intermediates.
By analysing the MD trajectories of peptides in explicit

water we suggest an explanation for these discrepancies.
We show that the folding rates are very sensitive to the
details of the simulation model. The sensitivity is so high
that the obtained values of folding times are meaningless
and can not be compared between each other and with
the experiment.
We use the Markov State Model (MSM) [9–12] to de-

scribe the folding process. The configurational states
are defined by clustering the MD simulated trajectories.
This is done by analysing the Ramachandran plots of
the residues of the peptide, Fig. 1. Each Ramachandran
plot is clustered independently and the molecule’s con-
figurations are defined by the cluster indices from each
plot. Not all possible combinations of index values are
realised in the trajectory. For example, for the peptide
from Fig. 1 the conformation B1C2 was very scarcely
populated and was, therefore, joined with A1C2 into one
conformation, thus resulting in 5 total configurations of
the molecule.
In the MSM framework the model is described by a

state vector v, which holds probabilities of all the con-
figurations at a given moment of time, and a transition

FIG. 1: Four residues peptide VPAL and the Ramachandran
plots for the Proline (left) and Alanine (right). The clustering
is marked by the boundaries that define the conformations as
pairwise combinations of the indices from the sets {A1,B1}
and {A2,B2,C2}

matrix T . The total probability of the state vector has
to sum to 100% since the peptide has to be in some con-
figuration at any time. The transition matrix holds the
probability that the system is transferred from one state
to another at the next time step. Because the total prob-
ability of the state vector has to be conserved the require-
ment

∑
i Tij = 1 is imposed, where i and j runs over all

states. Given that the system has a state vector vt at time
t, the state vector at the time t+∆t can be calculated as
vt+∆t = Tvt. The property of a transition matrix is such
that its eigenvalues λi are in the range from 0 to 1 with
one eigenvalue being 1. In the following it is assumed
that the eigenvalues are ordered in descending order so
that λ0 = 1.

By expanding the transition matrix in terms of the left
|λi〉 and right 〈λi| eigenvectors the time evolution of the
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system is given by

vt+n∆t = Tnvt =
∑

i

λn
i |λi〉〈λi|vt. (1)

This representation immediately provides information on
the behaviour of the system under investigation.
First, by analysing how the eigenvalues vary with time

step ∆t it can be determined whether the dynamics of
the system can actually be described by a Markov model
[13]. We have shown [13] that the dynamics of a four
residue peptide become Markovian (that is the next time
step conformation depends on the current conformation
only) at the time scale ∆t ≈ 50ps. For a larger peptide
of 15 residues our recent estimations confirm the same
time scale of Markovian behaviour. From general consid-
erations it is reasonable to assume the same time period
of ”loosing memory” for the dynamics of larger peptides
and small proteins.
Second, both the folded state and the folding time are

readily obtained from (1). Indeed, at the limit n → ∞
only the largest eigenvalue, equal to 1, survives while
all other eigenvalues, being less then 1 tend to zero.
Therefore, the eigenvector |λ0〉 corresponds to the equi-
librium distribution of conformations, the folded state.
The speed at which the system approaches the equilib-
rium distribution is described by all other eigenvalues
that are less than 1. Again, at n → ∞ the second largest
eigenvalue dominates since it describes the slowest con-
vergence in the system, while all smaller valued eigenval-
ues become negligible. Thus at this limit λ1 defines the
folding rate.
The transition matrix T can vary in the simulation due

to, for example, the differences in the forcefield or the
variation in the macroscopic parameters of the system:
temperature, simulation box size (number of molecules),
etc. The forcefield differences are the result of phe-
nomenological nature of the classical molecular dynamics
potentials as well as different calibration criteria. The
other source of the changes are various alterations of
the interaction potentials that are aimed at speeding up
the folding and become increasingly popular lately [14–
17]. Similarly, temperature variations is the cornerstone
of such widespread technique as Replica Exchange MD.
These too can affect the transitions T .
Our goal is to investigate what happens to the folding

rate if the transition matrix is changed. In our framework
it means that the effect of the variation of T to λ1 has to
be determined. Here we assume that the matrix changes
do not affect the folded state, that is the eigenvector |λ0〉
remains the same [19].
To understand the meaning of the λ1 variation, δλ1,

in more intuitive terms of folding times we introduce a
”folding half time” measure as follows. Let us assume
that after a large number of time steps, n, λ1 reduces its

value in half, Eq. (1):
λn
1

λ1
= 1

2 . Then, we designate this
time as a ”folding half time” that can be calculated as

n1/2 =
ln 2

lnλ1
. (2)

Suppose that we have changed the dynamics and, as a
result, the eigenvalue λ1 has changed by an amount δλ1.
The half time for this new eigenvalue is n′

1/2 = ln 2
ln(λ1−δλ1)

(for an accelerated folding δλ1 is negative). The ratio r =
n1/2

n′
1/2

gives us a representative measure of the sensitivity of

the folding time to the changes in the transition matrix T .
In other words r is an amount by which the folding time
is changed. Thus, the sensitivity in our description is a
function of two parameters: the second largest eigenvalue
λ1 and its variations δλ1 caused by the changes in the
simulation model.

The rest of the paper is devoted to the estimations
of the values of λ1 and δλ1 for representative protein
systems simulated using MD.

Both parameters can be calculated directly from the
transition matrices T obtained in the simulations of sys-
tems with varying parameters described above. We mod-
elled the variations by performing the simulations of pep-
tides and altering two parameters of the system: (i) scal-
ing the masses of the atoms (corresponds to changing the
forcefield) and (ii) varying the temperature in the simu-
lation (resembles the Replica Exchange MD conditions).
The variation in the masses was done by the introduction
of a unified parameter α so that the new masses are αm:

(αm)a = − δV
δr or ma = − δ V

α

δr . Therefore, varying the
masses is equivalent to varying the potential energy, that
is changing the forcefield of the model. The changes in
temperature were achieved by standard methods simply
setting the thermostat to different temperatures.

We have simulated exhaustively a four residue pep-
tide VPAL (Valine - Proline - Alanine - Leucine) and
calculated both λ1 and δλ1 directly from the transition
matrices varying the parameters in both ways described
above. We have obtained the value of λ1 equal to 0.785.
For δλ1, VPAL produces the values of 0.073 when vary-
ing the scaling α in the range 0.75 - 1.25 and 0.161 when
varying the temperature in the 280 - 320K boundaries.
These correspond to the ratios r = 1.40 for varying α and
r = 1.95 for varying T . In other words, the folding times
became almost twice as high in the different scenarios
used.

It should be noted that for longer peptides λ1 is nor-
mally larger. This is not surprising since larger peptides
have lower folding rate, that is larger λ1. Indeed, we have
also analysed the folding trajectories of a fifteen residue
peptide with the sequence SESYIDPDGTWTVTE and
obtained λ1 = 0.9915. Assuming approximately the same
value for δλ1, say δλ1 = 0.1, we obtain r = 13.45, that is
more than an order of magnitude increase in folding half
time.

These results clearly demonstrate the high sensitivity
of the folding times to the details of simulation models.
It also seems reasonable to conclude that the sensitivity
tends to be higher for larger peptides that fold slower.
Therefore, the results on the folding times for larger re-
alistic proteins would be even less reliable.

Since any force field is only approximately correct this
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means that calculated folding times are significantly in-
accurate, even though the folded state reached in the
simulation is correct. It is therefore not meaningful to
make a comparison between a simulated folding time and
the one determined experimentally especially for slowly

folding proteins.
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