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We present a computational method to investigate conformational transitions of the twenty amino acids based on
molecular dynamics (MD) simulations and the dynamic rotational isomeric state (DRIS) model. Local dynamics
of twenty amino acids resulting from rotational transitions between isomeric states are analyzed.
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The dynamic rotational isomeric state model is applied to predict the internal dynamics of the 20 amino
acids. Transition rates between rotational isomeric states are calculated from molecular dynamics
simulations of Gly-Gly-X-Gly-Gly peptides where X represents one of the 20 amino acids. Predicted
relaxation times are in good agreement with fluorescence quenching rate measurements.

Introduction

Proteins are not rigid structures, they are dynamic molecules
characterized by conformational ensembles at equilibrium.
Proteins perform most of their function through rearrangements
of their conformations, such as allosteric rearrangements, large
scale fluctuations, tail motions etc. Therefore, the knowledge of
only the average structure of a protein does not provide a
complete description. Dynamic properties are essential for
understanding the basic features of their functions. The
knowledge of the popularity of the states, transition rates and the
pathways are all necessary for a full understanding of a protein *.
Proteins exhibit both internal motions including bond vibrations,
bond stretching, side-chain motions, rotational transitions and
global motions as rotational and translational motions % 3. In this
study, we consider dynamics at the single residue level and focus
on the internal motions resulting from conformational transitions
exhibited by the twenty amino acids. We adopt the dynamic
rotational isomeric states (DRIS) formalism in explaining and
interpreting the residue dynamics. The DRIS approach has been
developed for predicting local internal dynamics of polymer
chains by Bahar and Erman “. The model requires the knowledge
of the exact locations and probabilities of all torsion states of
each amino acid and the transition rates between torsion states.
These parameters are determined in this work by an exhaustive
sampling of amino acid Ramachandran plots by Molecular
dynamics (MD) simulations. In a sense, the DRIS formalism is
used to organize the MD simulations results in a compact and
efficient way as explained in detail in the rest of this paper.

The DRIS model is an extension of the equilibrium theory of
chain statistics by Flory ° to the dynamic domain by Jernigan °
and is conveniently used to calculate the internal time correlation
functions of a chain and different dynamic properties associated
with the transitions between the isomeric states 2 * %2, Internal
dynamics of a polyethylene chain was characterized by
calculating the autocorrelation of a vector affixed to the middle of
a sequence in the chain * Orientational correlation functions,
correlation times, and spectral densities 7 of poly(ethylene oxide)

a

S

segments were determined. The method was also used to
determine the activation energies of the local conformational
transitions for a polyethylene chain 8. DRIS is used to obtain the
conformational autocorrelation functions, and first and second
orientational autocorrelation functions of a polyethylene chain
and it has been shown that the results agree satisfactorily with
NMR experiments °. A mathematical scheme to examine the
stochastic process of conformational transitions between
rotational isomeric states in polymer chains was developed by
Bahar *°. According to the model, stochastic weights are assigned
to the configurational transitions and stochastic weight matrices
are defined. A matrix multiplication scheme is adopted to analyze
the isomeric transitions by serial multiplication of stochastic
weight matrices. Then, this approach is extended to efficiently
calculate the first and second orientational autocorrelation
functions ™. The mechanism of local conformational transitions
in poly(dialkylsiloxanes) which is a typical example that has a
highly flexible backbone with bulky and highly articulated side
groups is analyzed 2. The results of DRIS method has been
compared with molecular dynamics simulations and it has been
shown that DRIS provides an efficient way of analyzing the
mechanism of the local relaxation of a polymer chain rather than
long simulations 2 *,

A computational approach is given for measuring relaxation
times of the amino acids. Here, the aim is to investigate the
conformations of the twenty amino acids whose dynamics
evolves only from transitions from one torsion minimum to
another as it would obtain in the random coil state. The
preferences of the amino acids extracted from the Protein Data
Bank are biased by the presence of secondary and tertiary
structure, and long range interactions such as contacts and
hydrogen bonds of a given residue with the rest of the protein .
Hence, instead of analyzing the protein structures from the
protein data bank (PDB) or running simulations of proteins we
perform MD simulations of Gly-Gly-X-Gly-Gly pentapeptides.
Here X represents the amino acid to be examined. The GGXGG
peptides have been commonly used as models for the random coil
state 24%°,

ss We use MD simulations to identify isomeric states of the amino
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acids and to calculate the equilibrium probabilities of the
corresponding states. Then, the rates of the transitions between
the isomeric states are calculated using the DRIS approach based
on the parameters obtained via MD simulations. The relaxation
rates determined via DRIS model are compared with the
fluorescence quenching rate constants obtained experimentally by
Huang and Nau %°. Results of our calculations agree with their
experimental findings.

Methods and Materials

Here we apply the DRIS model to analyze the dynamics of the
transitions of (¢,) angles of the amino acids. These transitions
are determined by the transitions between the specified regions of
the Ramachandran map. Those regions are separated by energy
barriers. We have defined v =8 discrete regions for this purpose
based on the molecular dynamics simulations we have performed.
Let the torsion state of an amino acid be defined by

{0}, ={aw} (1)
Based on the interdependence between the neighbor amino acids,
the transitions may be defined as (i) first order (independent),
According to this, the statistics of {®}, is independent of the
statistics of its neighbors, (ii) second order (pairwise dependent),
where the statistics of {<1>}i depends on the statistics of its
preceding neighbor, and (iii) third order (triplewise dependent)
where the statistics of {<1>}i depends on the statistics of its
preceding two neighbors. In this work, we adopt the Flory
independence hypothesis and assume first order statistics °. For a
first order transition of an amino acid, we define the master
equation as

dP(t)

pm AP(t)

O]

where the vector P(t) is the 8 -dimensional vector of the
probabilities of 8 states, and the transition rate matrix A is the
8x8 dimensional matrix. The state of a given amino acid is
defined by one of the torsion states {cb}k, k=1...8. Then, A,
the ij" element of the rate matrix, denotes the rate of the
transition from state {@}j to the state {®}, .

The formal solution of the master equation gives

P(t) =exp{At}P(t =0) (3)
P(t=0) represents the vector of the equilibrium probabilities of
the 8 states. The eigendecomposition of the matrix A gives
A=BAB™. Here B is the matrix whose i column is the i"
eigenvector of A, A is the diagonal matrix whose diagonal
elements are the eigenvalues 4, and B~ is the inverse of B.
Then,

P(t) = Bexp{At}B'P(t = 0) 4)
The term Be™B™ defines the time-delayed conditional
probability matrix C(t). The element C; denotes the probability
of being at state {®} at time t, given the initial state {CD}]. at
t=0. The elements of each column of C; comprise all possible
transitions from a given initial state to one of the 8 possible

s0 States. Hence, the summation of each column is unity.
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C(t) = Bexp{At}B™ (5)
The total time-dependent joint probability matrix P(t) is defined
as

P(t) = C(t) diagP(t =0) (6)
The element P, represents the joint probability of occurrence of
state {®}, attime tand {®}, att=0. P, may be defined as
Pij = ;Bik exp{;{kt}Bl:jlpj (O) (7)
Knowledge of the joint probability matrix P(t), or alternatively
knowledge of conditional probability matrix C(t) with the
equilibrium probabilities P(t =0) gives a complete description
of the dynamics of a given amino acid.
For any dynamic property f; which is a function of the
conformations {®}, and {®}, the average of the property <fij>
over all possible transitions taking place from conformation j to
i can be calculated by assigning a stochastic weight to each
transition

< fij> = Zz P;j (t) fij (8)

Molecular Dynamics Simulations for Determination of the
States and Equilibrium Probabilities

A capped Gly-Gly-X-Gly-Gly peptide model is used for the
analysis of the amino acid X. Simulations are performed using
Gromacs 4.5.5 package 2. The —N and the —C termini of the
pentapeptide models Gly-Gly-X-Gly-Gly are capped with ACE
and NME respectively. The initial conformation is selected as
extended.

OPLS/AA all atom force field is used and the system is solvated
using four-atom water model TIP4P ** 2. Electrostatic
interactions are calculated using PME-Switch method with
Coulomb cut-off 1.0 nm. Van der Waals interactions are
calculated using Switch method with VDW cut-off 1.0 nm.

An energy minimization using the conjugate gradient method
with 5000 maximum number of steps and 0.001 ps time step is
performed. To assure that the solvent configuration matches the
peptide, the solvent and the hydrogen atoms are relaxed for 2500
steps while the peptide was restrained.

Before the production MD step, first a 20 ps temperature
coupling MD simulation and then a 40 ps pressure coupling MD
simulation is performed. During the 20 ps NVT ensemble
simulation the Berendsen temperature coupling method is used .
The coupling constant is assigned as 0.1 ps. Then, during a 40 ps
NPT ensemble simulation Berendsen temperature and pressure
coupling methods are used. The temperature coupling constant is
again assigned as 0.1 ps and the pressure coupling constant is
taken as 0.5 ps.

A simulated annealing procedure is necessary to avoid a local
minimum and to sample the energy surface properly 2. We used
80 ps simulated annealing cycles during the production MD
simulation. In each cycle, the temperature of the system is
increased from 310 K to 1010 K in the first 20 ps. Then in the

100 Second 20 ps part the temperature of the system is decreased from

2 | Journal Name, [year], [vol], 00—00
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Fig. 1. Ramachandran plots for the twenty amino acids. The populations are obtained from MD simulations of GGXGG peptides.
1010 K to 310 K. Finally in the last 40 ps part the temperature of 20 [0,0.05): gray ; [0.05,0.2): green; [0.2,0.4): blue;

the system is kept constant at 310 K. This equilibration part is
s necessary since the collected data should be sampled from a

Boltzmann distribution. Using the simulated annealing method, a

different initial conformation is selected in each cycle. Since the

system is equilibrated after heating and cooling procedures, we

assure that the selected conformations are sampled from
10 Boltzmann distribution.

Determination of the Rotational Isomeric States

The Ramachandran plots showing the distributions of the
populated regions of 20 amino acids in the Gly-Gly-X-Gly-Gly
peptide are constructed.. The Ramachandran plot of each amino
1s acid is obtained directly from the simulation trajectories. The
common populated regions are selected as the torsion states.
In Fig. 1, a contour plot for each amino acid plotted using 5 x5
grids where the x- y-axes represent ¢ and  angle distributions,
respectively. The percentage of points in each grid are colored as:

[0.4,0.8): red ; [0.8,1]: black that has been used by Beck et al.
* Based on the Ramachandran plots, 8 torsion states are
determined. The selected regions are shown in Fig. 2. We have
defined 7 states based on the popularity of the regions and
2 identified 8" state as the all other regions. Since Proline has a
constrained phi angle, we have determined 4 torsion states for
Proline. The identified states of Proline are shown in Fig. 3.
Again, the 4" state is defined as the all other allowed regions.
The regions are not so different from the regions introduced by
2 Karplus 2. Unal et al. also defined eleven states based on a
knowledge based database which are similar to the regions we
have defined by MD simulations 22°. In a knowledge based
database, the preferences of the amino acids are biased by the
presence of the protein. Furthermore, a coil library that is
35 constructed by removing helical or beta structures may still
include influences of conformations of proteins . Therefore we
perform MD simulations of pentapeptides which would present
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Fig. 3. The representation of 4 states of Proline.

better representatives for the random coil structures. The
boundaries of the states are selected in such a way that the
transitions between these states would be analyzed explicitly. We
have defined rectangular shaped states centered on the most
populated regions.

Calculating the Equilibrium Probabilities

The equilibrium probabilities are calculated from the equilibrium
conformations data collected via MD simulations. For each
amino acid, we simply count the number of states visited. The
probability of observing an amino acid X in a state i is
calculated as

N*(s))

SN (s)

P¥(s) = (©)

where N*(s,) represents the number of occurrences of amino
acid X in a state i during the simulation and the summation
term indicates the total number of occurrences in all possible
states by amino acid X .

The equilibrium probabilities of each amino acid obtained by MD
simulations are presented in Table I.

Calculation of the Rates

In the previous applications of the DRIS, the rate constants
related to transitions were calculated by using a kinetic scheme *
7. The rates were determined by the activation energies E, anda

GGAGG at 1000 Kelvin
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Fig. 4. Time-delayed conditional (transition) probabilities for Alanine at
1000 K, 800 K, 600 K, and 400 K. The probabilities are shown for all
possible transitions from the eight states to the state 4. The black solid
lines represent the equilibrium probability of the state 4 for Alanine.
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front factor A, .

r=Aexp{-E,/RT} (10)
The activation energies are calculated from the heights of the
saddle points in energy maps. The front factor A, is represented

s by Kramers® expression for high-friction Brownian motions *, It
is the frequency of passing the energy barrier at a given
temperature. Then the similarity transformation of the rate matrix
A whose elements are the rates leads to the conditional
probability matrix C(t).

10 Alternatively, MD simulation trajectories of the chains may be
used to determine the time-delayed conditional probability curves
C(t) % We follow this approach and obtain the conditional
probability curves for each amino acid. Then, the initial slopes of
the curves give the transition rates following equation (5). Each

1s curve converges to the equilibrium probabilities of the final state
at infinite time.

Table 1. The equilibrium probabilities of the amino acids based on 8 states

States: 1 2 3 4 5 6 7 8

ALA 014 008 003 033 021 001 005 013
ARG 017 011 002 030 019 0.01 007 013
ASN 020 011 003 031 018 001 005 011
ASP 021 005 004 037 019 002 003 0.08
Cys 022 016 003 023 016 001 005 0.14
GLN 017 010 0.02 033 021 001 0.04 012
GLU 017 004 004 040 021 001 004 0.09
GLY 010 007 014 0.09 007 013 016 0.25
HIS 016 006 002 037 023 001 004 011
ILE 016 010 0.01 039 022 001 0.03 0.08
LEU 014 008 003 034 023 001 005 011
LYS 020 013 003 027 018 0.01 005 0.12
MET 017 010 002 032 019 001 006 0.12
PHE 021 013 002 028 018 001 0.05 0.12
PRO 0.00 000 001 065 025 000 0.00 0.10
SER 021 013 0.04 022 019 0.02 006 0.15
THR 020 014 004 023 022 001 004 011
TRP 022 011 003 030 020 001 003 0.10
TYR 020 013 003 026 018 002 0.07 012
VAL 019 010 002 035 023 001 002 0.08

Calculation of the Time-Delayed Conditional Probabilities

Given state s, at time t =0, the probability of observing a state
20 §; attime t is given as

3 P(si,O;sJ,t)

C(s;,t;s,0) = P(s..0) .

where P(s;,0;s;,t) is the joint probability that the system is in

state i at t=0 andinstate j attime t.

For a chosen time step t =7, we record the joint observations of
2 s and s; intime interval ¢ throughout the simulation. Then, the

joint probability that the system is in state s, at t =0 and in state

s;att=ris

N;
P(s;,0;s,7) =—

total

(12)

Here N; is the number of times when the system is in s, at a
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time t and in s; attime t+7,and N, is the total number of
observations.

After repeating the counting scheme for different chosen
t =7,27,37,... we obtain the joint probabilities. Then the joint
probabilities lead determination of the time-delayed conditional
probabilities.

The time-delayed conditional probability curves C_ are obtained
for each amino acid using this approach. The transition
probabilities for all possible transition between eight states are
represented. All of the curves are expected to approach to the
equilibrium probability at infinite time. However, this condition
is not satisfied in reasonable time for MD simulations at lower
temperatures. Hence, the simulations are performed for higher
temperatures as 400 K, 600 K, 800 K, and 1000 K. Then, the aim
is to estimate the rates for 310 K based on the values obtained for
higher temperatures.

In Fig. 4, the conditional probability curves are given for Alanine
evaluated by MD simulations at 400 K, 600 K, 800 K, and 1000
K. It is evident that the curves converge to the equilibrium
probability faster for the higher temperatures. Based on this fact,
the calculations are performed for higher temperatures. Then, the
dynamical behavior at 310 K is estimated for each amino acid.

Determination of the Rate Matrices

The initial slopes of the time-delayed conditional probability

curves give the ftransition rate matrix elements. Since
C, =exp{Ar},
dc
—+ = Aexpi{Ar =A 13
ar ], = APl Moo (13)

One may derive the derivative at z=0 wusing the finite
differences. The forward difference is defined by

Af (x)=f(x+h)—f(x) 14)
Furthermore, the higher order differences are derived by
AF(X) = A (x+h) — A (X) (15)

Therefore, f'(x=0) may be estimated by the sum of forward
differences as follows

df

dx

-1

Eh (16)

(Af (0)—%A2f(0)+%A3f(0)+...j

The rates are estimated using finite differences up to order 5,
using only the first six data points of the conditional probability
curves. After construction of the rate matrices, the matrices of
eigenvectors and eigenvalues are determined using the eigenvalue
decomposition (2)-(4). Then, any dynamic property may be
obtained by going through equations (7) and (8) .

Molecular Dynamics Simulations for Determination of the
Rates

The same peptide model Gly-Gly-X-Gly-Gly and the same
parameters that have been used in MD simulations for
determinations of the states are used. However, this time we don’t
use a simulated annealing procedure since the aim is to collect
data for the transitions happened during the simulations. 1 ns

This journal is © The Royal Society of Chemistry [year]
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Fig. 5. l; and I, vectors of the GGXGG peptide

simulations are performed for each type of amino acids and the
data collected in 1 ps periods.

Internal Flexibility

Any dynamic property associated with conformational

s transitions, <f(r)>, may be computed by using the rate matrices.
Similarity transformation of the rate matrix ( A= BAB™) leads to
the determination of a mean transient property as follows

(f(r))= z k, exp(4,7) a7

where 2, is the »' " eigenvalue of A and k, denotes the
10 amplltude factor given by

k,=>> Bay[B’l]y,, R(@,)f(D,;®)) (18)
a B

We are interested in calculation of the local relaxation properties
of the amino acids. The internal dynamics of a given residue X
may be analyzed by a function that is associated with
15 conformational transitions taking place between the torsion states.
Hence, we consider two vectors; (i) |, between the atoms C, ;

and N,, and (ii) 1, between the atoms N,, and CZ, of the
backbone of Glyifz—GIyH—Xi—GIyi+1 Gly,,, for this

purpose. The conformations of the vectors will change with time
20 related to the values of (¢,y) .
For this purpose we define two functions;

i. (f,(r)) that gives the average cosine of the angle
between |, vectorsat t=0 and t=7 when the vector
1, is kept fixed,

(f,(z)) that gives the average cosine of the angle
between the cross product of the two vectors, I, =1, xI,
, that gives information on conformational change in
the normal.

Here, ( ) means averaging over all time steps. Then, (f,(z)) is
3 evaluated by

5l

(t,(2)) = <'(°)'(T)> Zk exp{4, 7} (19)

A
ky:ZZBiV[B ] Py(s;)

Lol (s;5s;)

Here Lel,(s;;s;) is the dot product of the I, vector with itself
when the transition takes place from state s; to state s;.

s Similarly, the cross product of the two vectors,
analyzed by calculating (f,(z)).

(20)

l,=1xl,, is

(1,(2)) =<' 20l (T)> ZK exp{2,7} (21)

I
Lel,(s;;
- E2a 6], e

Results and Discussion

(22)

40 The two correlation functions(fl(t)> and <f2(t)> over time for
some amino acids (Asn, Cys, Gly, Trp) at T=400, 600, 800, 1000
Kelvin are given in Fig. S1. The decay curves presented in the
figures show that these functions exhibit exponential decay
behavior. Hence, it is possible to obtain the relaxation times by

s fitting the curves with formula A-+Bexp(-t/C). Then, the
parameter C that gives the relaxation time z, is determined for
all amino acids at different temperatures.

Table II. Estimated relaxation times for twenty amino acids at 310 Kelvin.

Amino Acid Relaxation timel (7, ) Relaxation time2 (7, )
ALA 0.33 0.40
ARG 0.32 0.38
ASN 0.36 0.48
ASP 0.29 0.33
CYS 0.28 0.28
GLN 0.54 0.81
GLU 0.39 0.56
GLY 0.19 0.22
HIS 0.45 0.61
ILE 0.55 1.12
LEU 0.27 0.33
LYS 0.49 0.70
MET 0.40 0.58
PHE 041 0.54
PRO 151 151
SER 0.23 0.21
THR 0.72 1.05
TRP 0.50 0.78
TYR 0.39 0.53
VAL 0.37 0.52

so Arrhenius’ equation is a mathematical expression that gives the
relation between rate constants and temperature. The equation
was proposed by Svante Arrhenius in 1889 * by means of
experiments. That is

k = Aexp(-E, / k;T) (23)

ss where k is the rate constant of a chemical reaction. A is the
pre-exponential factor or the frequency factor of the reaction. E,
is the activation energy, k; is the Boltzmann constant and T is
the absolute temperature. Taking the natural logarithm of the
equation yields

6 | Journal Name, [year], [vol], 00—00
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In(k) = In(A) — kEfl_

B

(24)

When In(k) is plotted as a function of 1/T , this relation, called
the Arrhenius equation, gives a straight line since it is in the form
sof y=mx+b.
Hence, our aim is to estimate the straight lines by linear least
squares fitting technique after obtaining the relaxation times.
These lines determined for each amino acid at different
temperatures lead to relaxation times at 310 K by extending the
10 lines until 1/T =1/310~0.003 .
The relaxation times determined via fitting <fl(t)> to exponential
decays are shown in Fig. 6 for some amino acids. Curve fitting
the natural logarithm of relaxation times to linear lines yield the
red lines shown in the graphs. The relaxation times at T=310 K
1s are estimated by this lines since the dynamic functions obey
Arrhenius’ equation. Similarly, the relaxation times obtained via
fitting ( f,(t)) are presented in Fig. 7.
In Table I, the estimated relaxation times 7, and z, for T=310
K are presented. Glycine and Serine that are known as small
20 amino acids relax faster than the other amino acids. Glycine is the
least restricted amino acid while Proline has restrictions in
Ramachandran map and has the largest relaxation time.
Isoleucine and Threonine relax more slowly than the other amino
acids. These amino acids are restricted in the conformations since
25 they contain two non-hydrogen substituent attached to their C-

beta carbon. They are known as C-beta branched amino acids.
Hence, it is not surprising that these amino acids relax slower
than the other amino acids.
Huang and Nau determined the fluorescence lifetimes of
unstructured peptides as a function of the amino acid type %. It
has been reported that the quenching rate constant is a scale for
the flexibility of amino acids. The rate constants of sixteen amino
acids are given except for Trp, Tyr, Cys, and Met since these four
amino acids themselves are known as efficient quenchers .,

s In Fig. 8, we compare our results with the fluorescence results of
Huang and Nau %. In general, the results are in good agreement.
The quenching rates are determined as a measure for flexibility
and the results are related with the residue size. In Fig. 9, we
provide a comparison of quenching time with molecular weight.

20 We removed Proline in the figure since it is an outlier with a
relaxation time value of more than 10 microseconds. The
quenching times of lle and Val are higher than the others. These
amino acids are p-branched amino acids that have restricted main
chain conformations. On the other hand, B-branched Thr seems to

45 be more flexible than lle and Val. Huang and Nau proposed that
since Thr has a secondary hydroxyl group, it limits the flexibility
of Thr but much less than Val and lle. Furthermore, if we
compare Leu and lle; Leucine seems to be more flexible than
Isoleucine. Huang and Nau stated that this is because Ile is a [3-

so branched amino acid.

3

S
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Fig. 7. Relaxation times for amino acids Asn, Cys, Gly, and Trp calculated via <f2(t)>. Red line represents the linear curve fitting.

The scale between relaxation time determined by DRIS and
molecular weight is given in Fig. 10. The relation is determined
after excluding Thr since it is an outlier. Here two C-beta
branched amino acids, Thr and lle, relax more slowly than the
other amino acids while the other C-beta branched amino acid
Val relaxes faster than these and our explanation parallels that of
Huang and Nau.

The order of relaxation time 7z, is Gly< Ser< Leu< Cys< Asp<
Arg< Ala< Asn< Val< Tyr,Glu< Met< Phe< His< Lys< Trp<
GIn< lle< Thr< Pro. Similarly, the order of relaxation time z,

is Ser< Gly< Cys< Asp, Leu< Arg< Ala< Asn< Val< Tyr< Phe<
Glu< Met< His< Lys< Trp< GIn< Thr< Ile< Pro.

Although the results fit together with the data given by Huang
and Nau % |, there are some differences. This may be a
consequence of different macrocyclization probabilities of
different amino acid sequences, which plays a role in the
experiments of Huang and Nau but is not consequential in our
single amino acid calculations. The proportion of macrocyclic
constituents at equilibrium is related to the macrocyclizatiion
probability that is the probability of coincidence of the two ends
of a sequence 334, Hence, it effects the statistical configurations
of the chain. Therefore, it is related to chain flexibility and the
choice of chain length may affect measurements of the
quenching.

Conclusion

The rotational transitions between the torsion states of the bonds
of an amino acid have an important role in local dynamics. DRIS
is an efficient computational method that yields determination of
30 a dynamic property of the chain as a function of local transitions
based on the frequencies of each state.
In this study, the rates of first order transitions between the
specified states are determined by the conditional probability
curves that obtained from MD simulation trajectories of amino
35 acids. Since the probability curves converge to the equilibrium
probabilities faster at higher temperatures, the calculations are
performed for 400, 600, 800, and 1000 K. The initial slopes of the
time-delayed conditional probability curves give the transition
rates that are implemented in the rate matrices. The identified
« dynamic properties (f,(t)) and (f,(t)) are determined based on
the DRIS method. Since these functions decay exponentially,
respective single exponent relaxation times at different
temperatures are obtained.
Our calculations showed that ( f,(t)) and (f,(t)) have Arrhenius
45 behavior. Based on this observation, we extrapolated the rates for
higher temperatures and obtained the relaxation times at 310 K
for all amino acids.
Relaxation times of the amino acids are related to the flexibility
of the molecules, smaller relaxation times indicating higher
so flexibility while larger relaxation times indicating higher rigidity.
We applied the DRIS method to analyze the internal dynamics of
the amino acids. The DRIS method is a general method that can

This journal is © The Royal Society of Chemistry [year]
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be applied to determine the internal dynamics of the peptides.
One may adopt the same method to analyze dynamics of different
length peptides in the random coil state 3,
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