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Interbasin motion approach to dynamics of conformationally
constrained peptides
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In this paper, the interbasin motion~IBM ! approach is applied to studying dynamics of
conformationally constrained peptides, being extended to a nonideal contact of the system with a
thermal bath. The coupling of the system with the thermal bath is expressed in terms of a memory
function. The aim of the present study is twofold. First, we present a dynamical diagnosis of the
three hexapeptide variants with the main focus on the transitions between basins rather than between
individual states. Second, the present study is intended to pinpoint a way for extracting useful
information about the strength of the system–solvent coupling and how this interaction affects the
propensity of relaxation towards the native state. We show that a slight variation of the value of the
memory friction parameter may induce a sizable modification of the relaxation time. In addition, the
change of the memory friction parameter produces alterations on short time scales among the
population distributions. Especially, high energy basins seem affected the most. In the Markovian
limit, the basin populations computed within the IBM model are compared to those obtained by
using state-to-state transition rates in the full master equation approach. The two methods yield
similar results when the separation of time scales between intra- and interbasin dynamics is
completely achieved. ©2003 American Institute of Physics.@DOI: 10.1063/1.1554393#
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I. INTRODUCTION

Recently in the study of peptides and proteins, it w
indicated that the overall topography of the potential surf
~PS! changes as a result of a conformation constraint
portrays manifestations of the relation between bioactiv
and conformation space.1–5 An important step toward under
standing these aspects has been achieved by samplin
characteristic potential surfaces of three alanine–hexapep
analogs, alanine hexapeptide with neutral terminals (Ala6),
alanine hexapeptide with charged terminals (chrg–Ala6),
and a backbone cyclized alanine hexapeptide (cyc–Ala6).

3–5

These systems vary in the degree of constraint imposed
their conformational motion. The effect of the conform
tional constraints on the PS has been quantified and c
pared to the base of topography, connectivity, and order
rameters. In particular, it has been found, not surprisin
that the internal flexibility of a linear alanine hexapepti
diminishes upon either adding opposite charges or introd
ing a covalent bond between the two terminals; either c
straint decreases the accessible conformation space.3 The
constriction in the conformation space may frequently culm
nate with splitting the energy landscape in multiple comp
ing basins. In addition, the behavior of the order parametr
measuring the similarity based on the dihedral angles to
native structure shows a diminishing structural variability
low energies with a decrease of the volume in the conform
tion space. The low energy structures apparently beco
more nativelike for conformationally constrained analogs

a!Electronic mail: berry@uchicago.edu
5670021-9606/2003/118(12)/5673/10/$20.00
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The significantly different topographies of the potent
surfaces of the hexapeptide analogs stimulate the questio
how to infer the system’s dynamics from these specific p
terns, using the methods at hand to study dynamics on
PS. Stochastic simulation may offer a practical approach
simulating and understanding dynamics on multidimensio
potentials, at least it seems now, in contrast to the impra
cability of any approach based on knowing the full topog
phy of the system. Statistical methods have largely been u
to study complex kinetics6–8 and frequently invoked to illu-
minate the relation between topography and kinetics.9–14

Transition state theory~TST! can be used to compute a m
trix of well-to-well transition probabilities, and from this ma
trix one can construct a master equation whose solution
veals the population density in each state of the character
PS.9 Thereafter, one may find the probability of finding th
system in a certain basin by summing over the probabili
of the individual states belonging to that basin. This strate
seems very informative in the problem of studying dynam
of conformationally constrained peptides. It has been sho
that each of the three polyalanine systems has its own en
landscape and relaxation time scale that can be traced t
topographical pattern.5 The relaxation kinetics of these sys
tems are hierarchical and characterized by multiple ti
scales of fast and slow events which correspond to para
processes.5,15

Recently, Despa and Berry developed the interbasin m
tion ~IBM ! approach,14,16 which recasts the dynamics on
multidimensional PS in terms of basin-to-basin rather th
well-to-well transitions. The leading assumption is that t
3 © 2003 American Institute of Physics
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5674 J. Chem. Phys., Vol. 118, No. 12, 22 March 2003 Despa et al.
intra- and interbasin dynamics are of different scales. T
IBM approach uses a general prescription to compute,
rectly, the escape rate of the system from each basin of
characteristic PS with full consideration of the topographi
fingerprint of that basin. The theoretical foundation is p
vided by a non-Markovian treatment of the system’s beh
ior, which allows one to study inter-relationship between
general characteristics of the topography of the energy la
scape and dynamics. Moreover, the IBM method enables
study of the relation between the dynamics and the coup
with the thermal bath.

This strategy for studying dynamics on complex pote
tial surfaces presents several important steps forward f
traditional methods.6–13Some are matters of practicality. Th
IBM approach offers a way to speed up the computation
to reduce the dimension of the system of kinetic equati
without losing information about the large-scale topograp
and configuration entropy. Also, it can be used to infer
netic properties of relatively large regions~basins! of the PS
with a minor computational effort. Others are reasons of p
pose. An example is the above-described issue of estima
the effect of modifications in the system’s structure on
overall dynamics. Because any structural change affects
tively large areas on the characteristic PS, it then might
much more relevant for studying dynamics to focus on
ability of the system to survey well-defined basin regio
rather than to monitor single state occupancies.5 It has been
demonstrated that the values of the rates of passage am
the basins on the characteristic PS are sensitive to the t
graphical modifications and constitute valuable indicators
the system’s kinetic properties.16

To illustrate the utility of the concepts and techniqu
aforementioned, we present a few examples of their appl
tion in dynamical studies of polyalanine. In the followin
we assume that the basins composing characteristic pote
surfaces of Ala6, chrg–Ala6, and cyc–Ala6 underlie non-
Markovian kinetic properties, and employ the IBM approa
to explore the dynamical behavior of these systems. The
sins forming each PS of the three hexapeptides are outl
by a partition scheme based on structural similarity and
netic connectivity.3 We computed the basin populations bo
by applying the IBM model and by using state-to-state T
rates in the full master equation approach. The two meth
yielded very similar results for chrg–Ala6. The agreement is
preserved only at a qualitative level for the two other s
tems, Ala6 and cyc–Ala6. For these last two instances, w
found from analyzing their transition matrices that the se
ration of the intra- and interbasin dynamics is not complet
achieved. Some of the basins of Ala6 and cyc–Ala6 cannot
be delineated properly by the present partition sche
Hence, assuming non-Markovian dynamics inside a ba
and Markovian dynamics between basins cannot be d
trivially, and always relies on a suitable subset of the bas
on the characteristic PS.

Furthermore, we speculated that the IBM approach
troduces in the system’s dynamics features of nonideal c
tact with the thermal bath. In this regard, it goes beyond
TST theory and allows us to extract useful information ab
the strength of the system–solvent coupling and how
Downloaded 28 Apr 2008 to 132.66.152.26. Redistribution subject to AIP
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interaction affects the propensity of folding. Since the ene
landscapes of the three hexapeptide analogs were constr
to simulate vacuum, this strategy proved useful for estim
ing the effect of the environment on the dynamics.

II. INTERBASIN DYNAMICS ON THE
CHARACTERISTIC POTENTIAL SURFACES
OF THE THREE HEXAPEPTIDE VARIANTS

The three alanine–hexapeptide analogs we study h
are: linear alanine hexapeptide with neutral terminal gro
(Ala6), alanine hexapeptide with a positive charge at
N-terminus and a negative charge at theC-terminus
(chrg–Ala6), and a backbone cyclized alanine hexapept
(cyc–Ala6). These analogs differ in the constraints impos
on their flexibility. A comprehensive characterization of th
PSs of these three alanine–hexapeptide analogs, highligh
various aspects such as connectivity, topography, and o
parameters, has been published elsewhere.1,3,5

A. Partition of the basins on the characteristic
potential surfaces

In Figs. 1~a!, 1~b!, and 1~c! the topological disconnectiv
ity graphs are displayed for each of these three peptides
notice that all these PSs have staircase topographics in
regions of low energy.9~c! The mean saddle heights are sm
between high energy minima and grow somewhat large
the energies of the minima decrease. However, the decre
in energy between successive minima are significantly lar
than the increases in saddle height along the downward
quences. We can also observe a strikingly large degre
structural variability present at the low energy level, indic
ing that the native structure of each peptide is an ensemb
conformations and not a single well-defined structure.

For these small peptides there are no real tertiary na
contacts3 and the characterization of their relaxation dyna
ics in terms of finding a specified native fold is inappropria
However, the analogy with the protein folding problem c
be useful in the following dynamical diagnosis with th
specification that, here, folding defines the system’s predi
tion for populating low energy basins. Thus, by looking
Fig. 1~a! and recalling a common criterion of foldability,17,18

which requires a large energy gap between the energy in
native conformation and the lowest energy of the conform
tions structurally dissimilar to the native conformation, w
can infer that Ala6 has a low ability to relax to native struc
tures. Also, this surface has a very deep, narrow basin (B13)
dropping from the slab at 21 kcal/mol to a minimum at
kcal/mol above the global minimum, which may act as
kinetic trap. Figures 1~b! and 1~c! show that the constraint
imposed on the flexibility of those molecules, chrg–Ala6 and
cyc–Ala6, induce higher propensities of relaxation towar
native structures, as indicated by the important large ene
steps on corresponding potential surfaces. Moreover, it
shown that although the conformation spaces of the c
strained hexapeptides are much smaller than that of the li
hexapeptide, their relaxation time scales are longer, indi
ing that the connectivity~i.e., topology! of the PS is an im-
portant factor in the relaxation rate.5
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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5675J. Chem. Phys., Vol. 118, No. 12, 22 March 2003 Dynamics of conformationally constrained peptides
FIG. 1. Topological disconnectivity graphs for~a! Ala6; ~b! chrg–Ala6; and
~c! cyc–Ala6. Each disconnectivity graph was partitioned into basins a
numbered based on the energy where they branch off from the main br
starting from the basin which contains the global minimum. Several ba
of each system are marked.
Downloaded 28 Apr 2008 to 132.66.152.26. Redistribution subject to AIP
Of central importance in applying the IBM approach
the partition of the basins on the PS at hand. As defined
Berry and Kunz,19 and Becker and Karplus,11 a basin is a set
of configurations that maps to a single lowest local minimu
by direct minimization or by annealing. Particular interest f
studying the system’s dynamics lies in the simplified int
pretation of the PS in terms of different basins that inclu
similar, closely related conformations. For example, in t
protein folding case we may classify together all systems
have reached some state with the native physiological ac
ity, but these states may have structural differences in p
of the system not essential to the protein’s function. For
specific case of alanine–hexapeptide analogs, the value
the effective order parameterr measuring the similarity to
the native structure have a slight variation in any bran
~basin! of the disconnectivity graph,3 which implies that the
structural variability inside a basin is generally low. Th
observation may justify a partition scheme based on the
netic connectivity, i.e., the heights of the saddle points. Ho
ever, one may frequently encounter a situation in which
minima constituting a certain basin with a similar kinet
connectivity are quite different energetically and geome
cally. The PSs of the three-hexapeptide analogs~Fig. 1! re-
veal that the minima in each basin are energetically differe
Moreover, two basins with similar connectivities@see, for
example, basinsB5 and B6 in Fig. 1~c!# and that contain
conformations with similar potential energies have differe
values of the average order parameterr, indicating different
geometries. For tetra-alanine it was found that cluster
conformations based on structural similarity and kinetic co
nectivity yield different pictures, suggesting that each ba
cannot be represented by a single structure.20

In the following, the region corresponding to each set
minima that branches off from the main~central! branch in
Figs. 1~a!, 1~b!, and 1~c! is considered a basin on the cha
acteristic PS. The distribution of local minima and sadd
with respect to the position of the lowest minimum dete
mines the topographical pattern of that basin region. T
analysis of the values of the effective order parameterr re-
veals structural similarities among the minima constituting
branch of the disconnectivity graph.3 We mention here that
although the basin partition based on the kinetic connecti
seems very suggestive, just the regularity of the structu
order parameterr in each basin, as we noticed above, mig
not be adequate to ensure complete separation of the
scales of the intra- and interbasin dynamics. As we shall
the transition matrix can help to identify regions on a P
where this time-scale separation is not fully achieved. F
those basins the IBM approach becomes inapplicable.

In the following, we rely on these PSs and focus
dynamics, especially on the modifications in relaxation b
haviors induced by conformation constraints.

B. Interbasin motion approach

To provide further details of the computation, we briefl
review the basic concepts of the IBM approach. In addit
to the previously published material,14 particular attention
will be paid here to revealing the main aspects of t
system–solvent coupling. This information is intended to
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5676 J. Chem. Phys., Vol. 118, No. 12, 22 March 2003 Despa et al.
fer a way to understand how the system–solvent interac
affects the propensity of relaxation towards the native st

1. Basic equations of the IBM model

Under circumstances assumed in the present appro
the basin dynamics is governed by energy accumulation
relaxation processes among the local wells. Moreover, du
the change of curvature of the effective potential between
bottom and the top of each local well, the typical rate
energy exchange between the reaction mode and other m
may become comparable with the characteristic vibratio
period of the thermal bath. Therefore, the foundation of
IBM approach starts with the assumption that, inside the
sin, the system’s motion has a non-Markovian behavior. T
behavior is characterized by a time-dependent friction ke
Z5Z(t) at the contact between the system and the ther
bath, which usually is assumed to have a Gaussian form

Z~ t !5
g

tcAp
expS 2

t2

4tc
2D . ~1!

Z(t) expresses the time correlation function of the rand
force F(t) exerted by the thermal bath on the reactive mo
and is associated with the correlation timetc and the Mar-
kovian friction g ; tc is a measure of the extent or rate
equipartition of the reaction modev with the thermal bath.

The above statement on the frictional coupling of t
reaction system to the thermal bath enables a formulatio
a stochastic, one-degree-of-freedom process for the enerE
in the unstable modev(E). The approach leads to an expre
sion for the mean first passage timet i ,a along each ‘‘escape
channel’’i that leads the system to reach the top of the ba
a(Eba) starting fromEs

21

t i ,a~Eba ,Es!5E
Es

Eba
dE

exp~bE!

m i ,a~E!
E

0

E

dE8
exp~2bE8!

v i ,a~E8!
.

~2!

m is the energy diffusion coefficient andb51/kBT has the
usual meaning. Following the IBM approach, we now defi
an effective value of the mean first passage ti
ta(Eba ,Es), which is the summation over independent co
tributions t i ,a(Eba ,Es) of all the individual stateswi ,a ( i
50,Na) of the basina

1

ta~Eba ,Es!
5(

i 50

Na f i ,a~Ei ,Ebi!

t i ,a~Eba ,Es!
, ~3!

whereEi andEbi are the positions on the energy spectrum
the minimumwi ,a and the saddle between the minimawi ,a

andwi 11,a , uphill. Here,ta(Eba ,Es) is the average time in
which the system escapes from the basina; Na is the number
of conformation states in the basina and accounts for the
geometric entropy dimension of that basin;f is the weight of
each individual contribution to the average~3! given by

f i ,a~Ei ,Ebi!5q~Ebi2Es!q~Es2Ei !, ~4!

whereq is the unit-step function. We then use the followin
expression for computing the escape rate from the basina:
Downloaded 28 Apr 2008 to 132.66.152.26. Redistribution subject to AIP
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D 21G21

,

~5!

which is the average of the effective value of the mean fi
passage timeta over the steady-state distributionpss(Es).
We assume that the system rapidly achieves thermal equ
rium in the well of the starting pointEs , so that the steady
state distribution of probabilitypss is of a Boltzmann form

pss,a~E!.
e2bE

b~12e2bEba!
. ~6!

As can be seen from above, Eq.~5! contains all the req-
uisite information about the main properties of the top
graphical pattern, particularly the relative positions
minima and saddles along the monotonic sequences. M
over, general properties of the thermal bath also interven
system’s dynamics.

The set of equations~2!–~6! is used to compute escap
rates from the basinsa corresponding to each PS of the thr
alanine–hexapeptide analogs~see Fig. 1!. Those rates are
incorporated into a master equation which is then solv
The description of flow of a distribution on the surface
then extracted by analyzing the eigenvectors of the ma
equation in terms of the pattern of the topography of that

2. Escape rates and the relation with thermal
bath properties

In the following, the set of minima in a given brancha
of each disconnectivity graphs in Figs. 1~a!, 1~b!, and 1~c!
represents the basina on the corresponding PS. The glob
minimum ~GM! and the first branch of the disconnectivi
graph form together the basin of the global minimum,B1.

In order to compute the escape rateka @Eq. ~5!# corre-
sponding to that basin, we first have to account for the av
age value ofta(Eba ,Es). According to Eq.~3!, this quantity
can be obtained if one knows the contributionst i ,a of the
individual minima. The independent contributionst i ,a @Eq.
~2!# to the average value of the mean first passage timeta

depend on both vibrational frequency functionv i ,a(E) and
corresponding energy diffusion coefficientm i ,a(E). The key
frequency is derived from the specific form of the potent
Veff in the region of the basin divide. Here, this is appro
mated by a harmonic oscillator of frequencyva

(0) . Accord-
ingly, the corresponding energy diffusion coefficient is14

ma~E!5
Eg

bva
~0!

exp~2ra
2 !, ~7!

where

ra5va
~0!tc ~8!

determines the memory friction parameter.
If the system is embedded in a solvent, the friction co

stantg ~the damping rate! depends on the viscosity of th
environment and on the characteristic geometry of the s
tem inside the particular basina. Therefore, we may write
the following approximation:
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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5677J. Chem. Phys., Vol. 118, No. 12, 22 March 2003 Dynamics of conformationally constrained peptides
ga.p^R&ah
n

M
, ~9!

where^R&a is, for example, the radius of gyration of all th
peptide atoms averaged over the conformations in the b
a, h is the viscosity, andn is an integer depending on th
~slip or stick! boundary condition at the interface. On th
other hand, the frictional relaxation timetc and the Markov-
ian friction constantg are bound by

tc5ag, ~10!

wherea is essentially the inverse of the infinite frequen
shear modulus of the solvent. In this context, we may de
mine the corresponding friction correlation timetca and
damping ratega for each basin on the PS. This fact implie
that the relaxation behavior depends intrinsically on the w
the various conformations of the system couple to the th
mal bath.

One more thing should be stressed at this point. T
Gaussian memory function~1! represents a reasonable mod
for both short and intermediate relaxation time scales, s
as those describing a single molecule in a dense fluid
characterizing internal couplings between the reactive m
and the remaining nonreactive modes. During the pass
dynamic coupling may drive the degrees of freedom perp
dicular to the reaction coordinate out of equilibrium, or in
a mutual equilibrium that does not encompass the reac
coordinate.22,23 Essentially, this drag effect can be seen a
viscoelastic response of the vacuum. For studying dynam
of isolated systems, the use of internal coupling is consis
with vacuum potential surfaces. Therefore, the memory fu
tion ~1! fits the aim of the present investigation.

We are aware, from results reported recently,4 that the
effects of solvation may have dramatic consequences for
PS of polyalanine. This fact requires special attention in
sessing thermodynamics and kinetics from those surfa
The Gaussian approximation for the memory function mi
not be suitable to account for system’s couplings with stro
dielectric and/or ionic environments. The basic assump
used in the following is that of invariance of the ener
landscape for different regimes of the memory friction.24 Un-
der such circumstances, we calculate the escape rates c
sponding to all basin regions displayed on the character
PS of each of the three alanine hexapeptide analogs. T
escape rates are computed for three given values of
memory friction parameter@see Eq.~10!#: ra

(1)50.1, ra
(2)

50.4, andra
(3)50.7. For all these values, the correlatio

time tc associated with the thermal bath is still smaller th
the typical molecular vibrational period (va

(0))21 but the sys-
tem starts approaching non-Markovian behavior (ra.1)
from the ideal, Markovian limit (ra50). In the limit ra

→0, we are able to compare our results with those obtai
previously by the mean of the full master equati
approach.5

As usual, we express the values of the escape rate
units of ga , which renders the scale of relaxation tim
;ga

21. Actually, each variety of kinetics features its ow
Downloaded 28 Apr 2008 to 132.66.152.26. Redistribution subject to AIP
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21), a consequence of the cha
acteristic coupling in each basina, as we discussed above

C. Dynamics

In the following, we would like to see the relaxation o
each of these three alanine hexapeptide analogs on
characteristic PS. Specifically, we would like to know ho
the probability evolves as the system surveys basin reg
on each PS, with its own different energetic states and st
tural categories. Also, we are interested in finding how
topography governs the relaxation and kinetic traps.
compare their relaxation behaviors and infer from them
effect of the conformation constraints on the systems’
namics. Finally, we point out the connection between
thermal bath properties and the ability of the system to re
on its characteristic PS. This can be inferred from the cha
of the tendency of relaxation of the system with the variat
of the memory friction parameterra .

Prior to applying the IBM approach for the hexapepti
systems, the transition matrices,Wi j , were mapped to exam
ine the validity of the separation of time scales betwe
intra- and interbasin dynamics~Fig. 2!. In these figures, the
diagonal elements represent intrabasin dynamics and the
diagonal elements represent interbasin dynamics. The w
regions correspond to slow rates. It can be seen that for A6

@Fig. 2~a!# as well as cyc–Ala6 @Fig. 2~c!# both diagonal and
off-diagonal elements include fast transition rates. Howev
for chrg–Ala6 @Fig. 2~b!#, only one diagonal element in
cludes fast processes, indicating that intra- and interba
motions occur on different time scales.

To study the state-to-state versus basin-to-basin dyn
ics, the master equation was solved for both situations
introducing the transition probabilityWi j from state j to
statei

]Pi

]t
5(

j
~Wi j Pj2Wji Pi !,

wherePi is the probability for finding the system in a statei,
and by the transition probabilitykal from basina to basinl

]Pa

]t
5(

l
~klaPl2kalPa!, ~11!

where Pa is the probability that the system visits basina.
Solving the master equation for Ala6, chrg–Ala6, and
cyc–Ala6 by the state-to-state approach involves 280,
and 148 states, respectively. Within the IBM approach, th
states are compressed to 17, 12, and 11 basins and a
topographical information~the positions on the energy spe
trum of the minima and saddle! is transferred into the basin
escape rates as described via Eqs.~3!–~5!. The partition of
the disconnectivity graphs in basins can be seen in Fig.

The initial conditions for the stochastic simulations, bo
configurations and temperature, were similar to those se
the previous study.5 Thus, the population probabilities fo
each system were calculated at 400 K, with the initial pop
lation all in the highest energy basin, which includes u
folded conformations. Figure 3 shows the time evolution
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 2. The transition matrixW of ~a! Ala6; ~b! chrg–Ala6; and ~c!
cyc–Ala6. Each matrix reflects the state-to-state transition probability~cal-
culated by the TST! among the 280, 86, and 148 states of Ala6, chrg–Ala6,
and cyc–Ala6, respectively. The states are grouped according to the b
partitions as described by the disconnectivity graphs~Fig. 1!. While the
diagonal elements correspond to intrabasin dynamics, the off-diagona
ments describe interbasin dynamics. Above the diagonal are transition
from low energy basins to a basin located higher on the graph. Below
diagonal are transition rates to a basin that branched off at a lower en
mode on the disconnectivity graphs.
Downloaded 28 Apr 2008 to 132.66.152.26. Redistribution subject to AIP
the basin populations as generated by the state-to-s
movements. The population of the basina, Pa(t), is ob-
tained by summing the probability densities corresponding
all its states@i.e., Pa(t)5( i PaPi(t)].

III. RESULTS

A. Ala 6 molecule

We first investigate the relaxation of Ala6 under the con-
ditions established above. Figure 4~a! depicts the time evo-

in

le-
tes
e
gy

FIG. 3. The time evolution of the population probabilities of finding the~a!
Ala6; ~b! chrg–Ala6; and ~c! cyc–Ala6 in particular basins on their charac
teristic PS. The kinetic data were obtained by solving the master equa
using the state-to-state approach and summing all the populations o
states that constitute each basin.
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lution ~in g21 units! of the probability densities in several o
the most populated basins~branches! of its characteristic PS
In Table I we displayed the equilibrium probability densiti
corresponding to those basins. Our computation shows
these basins areB1, corresponding to the GM,B2, B3, B5,
B6, B8, andB13. ~Here,ra50.1.) We observe that the in
crease of the population of the primary basin, containing
global minimum, is sharp and the probability reaches a p
teau of about 35%~see the curve labeledB1). But, this is not
the only basin dominating the PS. The basinsB2 and B3
display also, in the asymptotic regime, relatively hi
weights, comparable to that ofB1. The basinB13, a very

FIG. 4. ~a! Time evolution of probability densities in basins~markedBj ,
j 51 – 3, 5, 6, 8, 13 in order of increasing energy! on the characteristic PS o
the linear Ala6 polypeptide forra50.1. ~b! For ra50.7.

TABLE I. The equilibrium probability densities in basins on the charact
istic PS of for the linear Ala6 polypeptide.

B1 B2 B3 B5 B6 B8 B13

0.34 0.1 0.17 0.07 0.05 0.06 0.12
Downloaded 28 Apr 2008 to 132.66.152.26. Redistribution subject to AIP
at

e
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deep narrow basin on the energy slab of 21 kcal/mol, act
a significant kinetic trap. The accumulation regime ofB13 is
long ~about 102 g21 units!, predominating over the othe
probability densities, and the asymptotic limit has a hi
value ~;12%!, above the saturation limit of the low energ
basinB2, for example. The Ala6 linear hexapeptide is rela
tively inefficient at finding the region of the global min
mum. Other higher energy basins (B5, B6, andB8) acquire
significant populations in their long-time limits. One mo
thing needs to be stressed at this point. As we can see f
Fig. 4, the basinsB2 –B6 undergo sequential kinetics, wit
probability profiles that first increase and then decrease w
time. Therefore, dynamics in these regions of the PS is g
erned by a hierarchical relaxation provided by gentle fun
properties of the PS. In contrast, the basinB13, which is
deep and narrow, has a pronounced unistep kinetics.

The relaxation behavior of Ala6 changes with changes o
the properties of the thermal bath. Precisely, by acting on
parameters of the memory function~1!, we may tune the
strength of coupling between the system and the ther
bath. For example, we increase the value of the mem
friction parameter fromra50.1 to ra50.7 and look at the
relaxation behavior@see Fig. 4~b!#. The folding timet f , de-
fined as the starting point of the asymptotic regime of
probability density inside the basin of the GM, is increas
by about 70% in this way. In addition, the change of t
memory friction parameter induces variations on short ti
scales among the population distributions. Especially, h
energy basins seem affected the most.

The state-to-state approach to dynamics of Ala6 @Fig.
3~a!# supports the aforementioned results in the sense t
besidesB1, several other basins (B5, B6, andB8) are sig-
nificantly populated at equilibrium. However, the bas
populations are different in these two results. This result w
already expected since the diagonal and off-diagonal
ments of the corresponding transition matrix@Fig. 2~a!#
showed comparable values. This discrepancy suggests
the basin partition based on the kinetic connectivity a
structural similarity is not the most relevant for studying t
dynamics of Ala6.

B. Chrg–Ala 6 molecule

In Fig. 5~a! we display the evolution in time of the prob
ability densities inside the basinsB1 –B5 corresponding to
the PS of chrg–Ala6. Table II contains the values of th
equilibrium probability densities in those basins. The pop
lation distributions over the other remaining basins are ins
nificantly small and are not shown. Here, the conformatio
corresponding to the energy slab 20–22 kcal/mol are ta
together. As in the previous case, the memory friction para
eter is set first tora50.1. We see that this system has
greater propensity for folding, which defines the system
predilection for populating low energy basins, than Ala6. An
important energy gap, about 6 kcal/mol@see Fig. 1~b!#, sepa-
rates the low energy basins from those of high energy. T
presence of this energy gap might induce a higher accu
lation in low energy basins. The probability density in th
primary basin (B1), of the GM, shows a sharp increase

-
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time and reaches, in the asymptotic regime, a populatio
about 42%. The basinsB2 and B3, which are below the
energy gap, are highly populated in the asymptotic regi
The probability density in the basins below the energy ga
about 80%. We can also perceive a slight trend for seque
kinetics corresponding to these two low energy basins.

FIG. 5. ~a! Time evolution of probability densities in basins~markedBj ,
j 51 – 5 in order of increasing energy! on the characteristic PS of th
chrg–Ala6 polypeptide forra50.1. ~b! For ra50.4. ~c! For ra50.7.
Downloaded 28 Apr 2008 to 132.66.152.26. Redistribution subject to AIP
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other basins, of higher energy, display more prominent pe
in their first increase of probability density distributions. F
each of them, the subsequent decrease ends, however, w
low depletion limit. This sort of dynamical behavior ma
sign the presence of intermediates in the folding proce
Also, we can see that the constraints on the flexibility of t
molecule induced by electrostatic forces led to preclude
kinetic trap (B13) we evidenced in the previous case of t
linear molecule.

Again, the increase of the memory friction parame
induces different time scales for the survey of the configu
tion space of chrg–Ala6. Roughly, the time scale become
about 20 g21 units larger at each 0.3 increment of th
memory friction parameter. In Figs. 5~a!, 5~b!, and 5~c!, we
see that the folding time increases fromt f.160 g21 to t f

.200 g21 when the value ofra increases from 0.1 to 0.7
Also, the high energy population densities change on sh
time intervals. The memory friction effect alters the way
which the system approaches equilibrium.

The basin populations displayed in Fig. 5 are very sim
lar to those obtained by applying the TST approach@Fig.
3~b!#. This indicates that, for chrg–Ala6, the basin partition
outlined from the kinetic connectivity is consistent with th
complete separation of the intrabasin and interbasin dyn
ics, which is required by the condition for validity of th
IBM theory. The result is in agreement also with the inte
pretation of the transition matrix@Fig. 2~b!#.

C. Cyc–Ala 6 molecule

As we already noticed in the introductory part of th
paper, the topography of the PS of cyc–Ala6 is significantly
different from those of the other two peptides. A dissimilar
in its relaxation behavior in comparison with previous cas
is obviously expected.@For visualization, see Fig. 6~a!.# The
two competitive basinsB5 andB6 marked at high energie
on the disconnectivity graph act as kinetic traps. All thr
competing basins display exponential kinetics with satu
tion regimes and the corresponding time scales are simila
the asymptotic regime, population distributions of basinsB5
and B6 achieve high densities, about 20%. However,
probability density in the primary basin (B1) stays at its
higher value, about 40%.~For the equilibrium probability
densities in the most populated basins on the character
PS of this molecule, see Table III.! We also notice a striking
behavior of the unfolded conformations in basinB11, which
are highly populated even at long times. The depletion lim
~12%! of the corresponding probability density in this bas
is comparable with those of low energy basins~15% in B3,
for example!. The fact originates with the topographical pa
tern of that region on the characteristic PS that display
relatively deep basin of unfolded states at the energy sla
22 kcal/mol. The folding time is about 30g21 units, which is

TABLE II. The equilibrium probability densities in basins on the charact
istic PS of for the linear chrg–Ala6 polypeptide.

B1 B2 B3 B4 B5

0.42 0.18 0.17 0.02 0.12
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much shorter than that we found in the previous case
chrg–Ala6. This fact is a consequence of the decrease
depth of the low energy basins~from 10 to 5 kcal/mol!. The
trend of the folding time with changing the value of th
memory friction parameter is similar to two other cases@see
Figs. 6~b! and ~c!#.

The cyc–Ala6 basin populations, as were found by th
state-to-state dynamics with the aid of the TST@Fig. 3~c!#,
are in partial agreement with the basin populations fou
above. While both results agree that the global minimum

FIG. 6. ~a! Time evolution of probability densities in basins~markedBj ,
j 51, 3, 5, 6, 11 in order of increasing energy! on the characteristic PS of th
cyc–Ala6 polypeptide forra50.1. ~b! For ra50.4. ~c! For ra50.7.
Downloaded 28 Apr 2008 to 132.66.152.26. Redistribution subject to AIP
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highly populated, the TST approach shows that two comp
ing basins,B5 andB6, are negligibly populated, in contras
to their significant populations found by the IBM approac

One more thing calls for attention. If we assume t
typical range for values of the friction constant,g
;1012– 1014 s21, we then obtain folding times in the interva
observed in the previous study.5 If we assign a specific fric-
tion constantga to each basin on the PS, the use ofg21 units
to scale the folding time is no longer appropriate. Obvious
for the present situation, with a unique, universal fricti
constant, a better description of the dynamical behavior
the system would be a combined representation of the p
ability densities obtained for the three cases (ra50.1, 0.4,
and 0.7!. There are, however, certain limitations in our wo
which are due mainly to uncertainty of the data on viscoel
tic response of vacuum.25 We believe that the approximation
we have been forced to use do not affect the qualitative
sults of this paper. Particularly significant is the result th
the values of our rate constants are of the same orde
magnitude as those from TST theory.

IV. CONCLUSIONS

We have illustrated, by using the mean solution of t
reduced master equation for interbasin motion, the conn
tion between topography and dynamics for the particu
case of conformationally constrained peptides. Generally,
observed that the differences in PSs yield differences in
namics as well. These kinetic implications have been
vealed in the results of the calculations. Particularly, mos
the information we extracted here with regard to the popu
tion distributions over the corresponding conformation sp
agrees reasonably well with that obtained by using the m
of the full master equation.5

In addition, the present study indicates that modificatio
of the relaxation behavior can be quantified in some ca
and compared by an adequate partitioning of the PS. Fo
ing on the transitions between basins rather than betw
individual states appears, in principle, more informativ
This strategy can be useful for comparing with experimen
results.26 Although the partition scheme of the PS based
the kinetic connectivity and structural similarity seems su
gestive at first glance, it proved deficient in delineating c
rectly some basins on the PS of Ala6 and cyc–Ala6. Other
routines might provide a subset of the characteristic PS w
the required evidence for the complete separation of the
trabasin and interbasin dynamics.19

It has been suggested that the relaxation behavior
pends not only on the topography of the PS but also on
way the various conformations of the system couple to
thermal bath. Each basin on the PS is characterized b
specific coupling between the system and the surround
thermal bath. The strength of this coupling depends on b

TABLE III. The equilibrium probability densities in basins on the chara
teristic PS of for the linear cyc–Ala6 polypeptide.

B1 B3 B5 B6 B11

0.36 0.1 0.19 0.21 0.05
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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solvent properties~viscosity, shear effects! and the structura
variety of that basin, such as the mean overall radius of
ration or the extent of exposure of polar groups. We intend
use additional data to better understand the solvent effect
advance a suitable thermal bath description. Specifica
variational simulations of polyalanine embedded in vario
~implicit! solvents may yield useful information.27 Implicit
solvent treatments can still account for the local enviro
ments created by a chain as it folds by means of three-b
correlations. Such correlations effectively allow us to d
with the participation of a third body in altering the dielectr
environment surrounding a pairwise interaction. This eff
is especially important when dealing with backbone deso
tion as a means of stabilizing amide–carbonyl hydrog
bonds in spite of the net gain in self-energy of the interv
ing polar groups. The structuring, immobilization, and ul
mate exclusion of water surrounding such bonds has a s
lizing effect that may be accounted for by rescaling t
strength of such bonds according to the number of thr
body correlations with vicinal hydrophobic groups.28,29 Fur-
ther implementation of this sort of information in the kinet
scheme enriches the precision with which we can charac
ize the ability of proteins to relax, preferentially, to only
limited number of geometrical structures from the vas
larger variety that the protein might exhibit.
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