
An Independent Method for the Analysis of 
Protein Folding Kinetics from All-atom 

Molecular Dynamics Simulations

http://www.jbsdonline.com

Abstract

We propose a method for extracting useful kinetic information from all-atom molecular
dynamics simulations of protein folding.  By calculating the time correlation functions
between the evolution of different structural properties during the course of the simulation
we can determine the endpoint of the reaction and the mechanism by which it occurs.  As a
test of our method we use thermal denaturation simulations on a 76 residue protein, ubiqui-
tin.  The method we present should be used in combination with current techniques for ana-
lyzing molecular dynamics trajectories.

Introduction

For several years, protein folding has been studied in silico using high temperature
unfolding simulations (1-2).  An equilibrated crystal structure is subject to high tem-
peratures, which cause unfolding of the polypeptide chain.  From this unfolding tra-
jectory, the folding pathway is gleaned by implementing the principle of detailed bal-
ance.  However, with the increase in computational power due to both faster proces-
sors, more sophisticated clusters and distributed computer environments, it is now
possible to directly simulate the protein folding reaction using all-atom models in
implicit solvent (3-4).  In these cases, the simulations are started from an extended
conformation and fold to their native states within computationally feasible
timescale.  At present these simulations are only possible for small proteins or sub-
structures of larger proteins, however, as computational power increases these tech-
niques will undoubtedly be extended to more complex molecules.  As such, it is
essential to have the tools to extract the correct kinetic information from these simu-
lations.  In order to extract proper kinetic parameters from these simulations, it is
important to identify the appropriate endpoint to the reaction.  Previous simulation
studies have used a change in C-α root mean square deviation (rmsd) from the crys-
tal structure as a criterion for finding the native state (an rmsd of within 2 Å is con-
sidered correctly folded) (3-4).  The progress of the folding reaction is monitored by
the relaxation of the rmsd from a high value in the unfolded state to within 2 Å of the
crystal structure, which is considered the folded state.  However, recent analysis of
crystal structures shows that this reasoning may not be accurate since the crystal
structures themselves are just a snapshot of a highly degenerate state (5).  In this
study, we propose an independent and unambiguous method for determining the end-
point of these simulations, by utilizing the time correlation function formalism.
Many all-atom molecular dynamics simulations for protein unfolding monitor the
progress of the reaction by probing two or more distinct structural properties over
time (6).  One example of this is monitoring the variation in rmsd and solvent-acces-
sible surface area (sasa) (7).  In this study, we propose investigating the correlation of
these structural properties over time by calculating their cross-correlation functions.
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Time correlation functions have been used to investigate many systems ranging from
the condensed phase to the evolutionary dynamics of proteins (8-10).  We show that
the time correlation functions for structural properties probed during the course of
molecular dynamics simulations can give insight into protein folding kinetics.

As a test case, we use thermal unfolding simulations of ubiquitin, a 76-residue protein
with a mixed α/β structure.  High temperature molecular dynamics simulations have
been used to probe the folding/unfolding pathway of this protein (7).  We explored the
folding kinetics by probing two distinct structural properties over the time course of
the simulation Cα rmsd and hydrophobic solvent accessible surface area (sasa) (7).
In this work, we calculate time correlation functions for the evolution of these prop-
erties during the course of the simulations.  In the unfolded state, these values are
highly uncorrelated while in the folded state these values have a high degree of cor-
relation.  We give recommendations for how this method could be easily applied to
room temperature folding simulations.  We propose that this type of analysis will pro-
vide an independent method for determining the endpoint of a folding simulation and
should be used in conjunction with the current methods of analysis (4).

Methods

The methodology for the 7 all-atom molecular dynamics simulations of ubiquitin
have been described elsewhere (7).  In this section we describe the methods
employed in the correlation-function analysis.  In this study we carry out the analy-
sis by averaging over the 7 trajectories used in reference 7, this was done so that
direct comparisons could be made to the differing methods of analysis.  It will be
shown that the analysis presented here substantiates the conclusions drawn in refer-
ence 7 as to the folding mechanism of ubiquitin.  However to check the consisten-
cy of our method, we carried out averages over three of the trajectories and these
results were similar to the results calculated from all 7 simulations (data not shown).

Qualitatively, it would appear that sasa and rmsd are good reaction coordinates
with which to follow the folding reaction since they probe distinct elements of
structure.  However, to quantify their suitability we calculate generalized correla-
tion coefficients for sasa and rmsd (11).

where Ri and Si are the values for rmsd and sasa, respectively, at the ith time point
of the simulation and quantities within ‘< >’ represent average values.  Suitable reac-
tion coordinates should have high values of c indicating that they change concert-
edly through the course of the simulation (13).  We calculate an average value of cRS
over the seven simulations and find a correlation coefficient of 0.84, indicating that
sasa and rmsd follow each other well through the course of the simulation.

We then calculate correlation functions between these two properties using the fol-
lowing equation (11, 12):

where R(t′) is the value at time t′ in the simulation and S(t′ + t) is the value of S at some
other time point in the simulation.  The average in Eq. [2] is taken over multiple time
origins.  We also calculate autocorrelation functions for R and S (data not shown).

Results and Discussion

In Figure 1 we show plots of the normalized cross-correlation functions of R and S
from three of the simulations.  Figure 2 shows cross-correlation function averaged
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over the seven simulations (the ensemble average).  The species populated on the
pathway are shown in bold beginning with the folded state (F), intermediate state
(I), and unfolded state (U).  The time points for the population of I and U are con-
sistent with those from our previous analysis (7).  As the simulations progress there
is loss of correlation, the time correlation function achieves negative values
towards the end indicating the two structural properties become uncorrelated.  It is
interesting to note that the average correlation coefficient calculated using Eq. [1]
shows high degree of correlation between R and S.  It is worth pointing out the dif-
ferences between Eq. [1] and [2].  The correlation coefficient shows how well the
two properties follow each other throughout the course of the simulation, that is do
the properties change in a concerted manner (13).  Equation [1] is essentially a
method of determining the suitability of the reaction coordinate (13).  Equation [2]
is a measure of the dynamics of the system, as time progresses do the quantities
remain close to their initial values or is there some deviation?

There are two distinct phases in the correlation functions calculated in this work.
An initial relaxation to 1500 ps and then a second, faster relaxation to yield nega-
tive values of B.  This indicates two distinct kinetic processes and a possible change
in rate determining step which points to the existence of an intermediate state.  The
accumulation of an intermediate on the folding pathway of this protein has been
shown by both simulation and experiment (7, 14).  As the unfolded state is popu-
lated, the values of R and S become highly uncorrelated, indicating the high degree
of structural heterogeneity in the unfolded polypeptide chain.  The autocorrelation
functions for R and S do not show this type of behavior (data not shown), indicat-
ing this type of analysis is suitable to two distinct structural properties.

We fit the correlation functions to an exponential decay process.  The data fit best
to double exponential functions (R = 0.95).  This type of analysis can serve a two-
fold purpose.  First, it gives insight into a possible folding mechanism, the pres-
ence of two kinetic phases would provide evidence for an intermediate species
being populated on the folding pathway.  Second, rate constants for the formation
of both intermediate and the native state can also be obtained.  These can be com-
pared to the experimental rates.

The analysis detailed above can be extended to other structural properties.  In Table
I we list pairs of structural properties that can be used to monitor folding, their
expected values in the folded and unfolded state, expected correlation coefficients
and expected values of the correlation functions in unfolded and folded states.  We
can now generalize a procedure for applying the correlation function formalism to
room temperature protein folding simulations: I. Pick two distinct structural proper-
ties that vary with time during the simulation.  It is important to choose properties
that probe different aspects of structure.  In this study we chose rmsd (which looks
at secondary structure) and hydrophobic sasa, which is a probe of tertiary structure.
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Figure 1: Time correlations functions from three of the
simulations.

Figure 2: Average correlation function over all seven
thermal unfolding simulations.



II. Calculate correlation coefficients to see if the structural properties change con-
certedly through the course of the simulation.  III. Calculate the cross correlation
functions and plot these against time.  These correlation functions should provide an
appropriate end-point to the simulation, upon convergence.  IV. Analyze the func-
tional form of the plots: are they homogeneous or are there multiple phases?  This
type of analysis will aid in the determination of a folding mechanism and fitting to
the appropriate functions will yield rate constants.  We do not extract rate constants
in our test case since simulations were conducted at high temperatures and, there-
fore, cannot be compared to experimental rate constants measured at significantly
lower temperatures.  V. Compare conclusions extracted from the time correlation
formalism to those gained from the traditional methods of analysis.

Conclusions

In this work, we have presented an independent method for determining the end-
point of all-atom molecular dynamics protein folding simulations.  The technique
involves utilization of the relaxation of the time-correlation function of structural
properties that are used to follow folding.  We validate this method by calculating
time correlation functions of rmsd and sasa from high temperature unfolding sim-
ulations of ubiquitin.  The techniques we implement here can be easily extended to
the robust folding simulations that are being carried out on the massive distributed
computing clusters (4).  This method should be used in conjunction with the other
techniques to extract the most reliable information possible from these folding
simulations.  While the current techniques for extracting kinetic information from
the simulations yield experimentally verifiable rate constants for small systems, it
is expected that for larger proteins there will greater uncertainties due to the high-
er degree of degeneracy in the crystal structures (5).  The method presented here
will be invaluable in reducing this ambiguity.
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