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In this paper, the interbasin motiofiBM) 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. @003 American Institute of Physic§DOI: 10.1063/1.1554393

I. INTRODUCTION The significantly different topographies of the potential

Recently in the study of peptides and proteins, it wassurfaces of the hexapeptide analogs stimulate the question of
indicated that the overall topography of the potential surfacéiow to infer the system’s dynamics from these specific pat-
(PS changes as a result of a conformation constraint anderns, using the methods at hand to study dynamics on the
portrays manifestations of the relation between bioactivityPS. Stochastic simulation may offer a practical approach to
and conformation space® An important step toward under- simulating and understanding dynamics on multidimensional
standing these aspects has been achieved by sampling thetentials, at least it seems now, in contrast to the impracti-
characteristic potential surfaces of three alanine—hexapeptid=bility of any approach based on knowing the full topogra-
analogs, alanine hexapeptide with neutral terminals )Ala phy of the system. Statistical methods have largely been used
alanine hexapeptide with charged terminals (chrggAla to study complex kinetiés® and frequently invoked to illu-
and a backbone cyclized alanine hexapeptide (cycg}&i@ minate the relation between topography and kineti¢s.
These systems vary in the degree of constraint imposed oOfransition state theoryTST) can be used to compute a ma-
their conformational motion. The effect of the conforma- trix of well-to-well transition probabilities, and from this ma-
tional constraints on the PS has been quantified and comrix one can construct a master equation whose solution re-
pared to the base of topography, connectivity, and order pareals the population density in each state of the characteristic
rameters. In particular, it has been found, not surprisinglyPS? Thereafter, one may find the probability of finding the
that the internal flexibility of a linear alanine hexapeptide system in a certain basin by summing over the probabilities
diminishes upon either adding opposite charges or introducoef the individual states belonging to that basin. This strategy
ing a covalent bond between the two terminals; either conseems very informative in the problem of studying dynamics
straint decreases the accessible conformation spat®  of conformationally constrained peptides. It has been shown
constriction in the conformation space may frequently culmi+that each of the three polyalanine systems has its own energy
nate with splitting the energy landscape in multiple competiandscape and relaxation time scale that can be traced to its
ing basins. In addition, the behavior of the order parameter topographical patteri The relaxation kinetics of these sys-
measuring the similarity based on the dihedral angles to thgsms are hierarchical and characterized by multiple time
native structure shows a diminishing structural variability atscales of fast and slow events which correspond to parallel
low energies with a decrease of the volume in the conformapgcessed!®

tion space. The low energy structures apparently become Recently, Despa and Berry developed the interbasin mo-
more nativelike for conformationally constrained analogs. g (IBM) approach*1® which recasts the dynamics on a

multidimensional PS in terms of basin-to-basin rather than
dElectronic mail: berry@uchicago.edu well-to-well transitions. The leading assumption is that the
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intra- and interbasin dynamics are of different scales. Thénteraction affects the propensity of folding. Since the energy
IBM approach uses a general prescription to compute, dilandscapes of the three hexapeptide analogs were constructed
rectly, the escape rate of the system from each basin of thi® simulate vacuum, this strategy proved useful for estimat-
characteristic PS with full consideration of the topographicaling the effect of the environment on the dynamics.

fingerprint of that basin. The theoretical foundation is pro-

vided by a non-Markovian treatment of the system’s behav-

ior, which allows one to study inter-relationship between thell. INTERBASIN DYNAMICS ON THE

general characteristics of the topography of the energy land=HARACTERISTIC POTENTIAL SURFACES

scape and dynamics. Moreover, the IBM method enables th@F THE THREE HEXAPEPTIDE VARIANTS

study of the relation between the dynamics and the coupling

with the thermal bath. The three alanine—hexapeptide analogs we study here

: . : re: linear alanine hex ide with neutral terminal gr
This strategy for studying dynamics on complex poten-a e: linear alanine hexapeptide with neutral te at groups

. . Alag), alanine hexapeptide with a positive charge at the
tial surfaces presents several important steps forward fro terminus and a negative charge at ti@terminus
traditional method&-13Some are matters of practicality. The g g 9

: chrg—Alg), and a backbone cyclized alanine hexapeptide
IBM approach offers a way to speed up the computation an cyc—Alg). These analogs differ in the constraints imposed

to. reduce t-he @menspn of the system of kinetic equation n their flexibility. A comprehensive characterization of the
without losing information about the large-scale topographyPSS of these three alanine—hexapeptide analogs, highlighting

ang conﬂgu;a tlonfenlt r(t).py.l Allso, it can be gsed ft?h'nlt?sr kI'various aspects such as connectivity, topography, and order
hefic properties of relatively large regioisasing of the parameters, has been published elsewhére.
with a minor computational effort. Others are reasons of pur-

pose. An example is the above-described issue of estimatingy Partition of the basins on the characteristic
the effect of modifications in the system’s structure on itsPotential surfaces

overall dynamics. Because any structural change affects rela- |, Figs. Xa), 1(b), and 1c) the topological disconnectiv-
tiVer Iarge areas on the characteristic PS, it then m|ght bﬁy graphs are d|Sp|ayed for each of these three peptides_ We
much more relevant for studying dynamics to focus on theygtice that all these PSs have staircase topographics in their
ability of the system to survey well-defined basin regions,regions of low energ§® The mean saddle heights are small
rather than to monitor single state occupancitishas been petween high energy minima and grow somewhat larger as
demonstrated that the values of the rates of passage amofie energies of the minima decrease. However, the decreases
the basins on the characteristic PS are sensitive to the tOpﬂT energy between successive minima are signiﬁcanﬂy |arger
graphical modifications and constitute valuable indicators Othan the increases in saddle he|ght a|0ng the downward se-
the system’s kinetic propertié§. quences. We can also observe a strikingly large degree of
To illustrate the utility of the concepts and techniquesstructural variability present at the low energy level, indicat-
aforementioned, we present a few examples of their applicang that the native structure of each peptide is an ensemble of
tion in dynamical studies of polyalanine. In the following, conformations and not a single well-defined structure.
we assume that the basins composing characteristic potential For these small peptides there are no real tertiary native
surfaces of Alg chrg—Ala, and cyc—Alg underlie non-  contacts and the characterization of their relaxation dynam-
Markovian kinetic properties, and employ the IBM approachics in terms of finding a specified native fold is inappropriate.
to explore the dynamical behavior of these systems. The badowever, the analogy with the protein folding problem can
sins forming each PS of the three hexapeptides are outlinese useful in the following dynamical diagnosis with the
by a partition scheme based on structural similarity and ki-specification that, here, folding defines the system’s predilec-
netic connectivity We computed the basin populations both tion for populating low energy basins. Thus, by looking at
by applying the IBM model and by using state-to-state TSTFig. 1(a) and recalling a common criterion of foldability;'®
rates in the full master equation approach. The two methodwhich requires a large energy gap between the energy in the
yielded very similar results for chrg—AlaThe agreement is native conformation and the lowest energy of the conforma-
preserved only at a qualitative level for the two other systions structurally dissimilar to the native conformation, we
tems, Alg and cyc—Alg. For these last two instances, we can infer that Alg has a low ability to relax to native struc-
found from analyzing their transition matrices that the sepatures. Also, this surface has a very deep, narrow ba3ir8)
ration of the intra- and interbasin dynamics is not completelydropping from the slab at 21 kcal/mol to a minimum at 4
achieved. Some of the basins of Aland cyc—Alg cannot  kcal/mol above the global minimum, which may act as a
be delineated properly by the present partition schemekinetic trap. Figures (b) and Xc) show that the constraints
Hence, assuming non-Markovian dynamics inside a basiimposed on the flexibility of those molecules, chrg—2dad
and Markovian dynamics between basins cannot be doneyc—Alg, induce higher propensities of relaxation towards
trivially, and always relies on a suitable subset of the basingative structures, as indicated by the important large energy
on the characteristic PS. steps on corresponding potential surfaces. Moreover, it was
Furthermore, we speculated that the IBM approach inshown that although the conformation spaces of the con-
troduces in the system’s dynamics features of nonideal corstrained hexapeptides are much smaller than that of the linear
tact with the thermal bath. In this regard, it goes beyond thdexapeptide, their relaxation time scales are longer, indicat-
TST theory and allows us to extract useful information abouing that the connectivityi.e., topology of the PS is an im-
the strength of the system—solvent coupling and how thiportant factor in the relaxation rate.
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Of central importance in applying the IBM approach is
the partition of the basins on the PS at hand. As defined by
Berry and KunZ® and Becker and Karplu$,a basin is a set
of configurations that maps to a single lowest local minimum
by direct minimization or by annealing. Particular interest for
studying the system’s dynamics lies in the simplified inter-
pretation of the PS in terms of different basins that include
similar, closely related conformations. For example, in the
protein folding case we may classify together all systems that
have reached some state with the native physiological activ-
ity, but these states may have structural differences in parts
of the system not essential to the protein’s function. For the
specific case of alanine—hexapeptide analogs, the values of
the effective order parameter measuring the similarity to
the native structure have a slight variation in any branch
(basin of the disconnectivity graphwhich implies that the
structural variability inside a basin is generally low. This
observation may justify a partition scheme based on the ki-
netic connectivity, i.e., the heights of the saddle points. How-
ever, one may frequently encounter a situation in which the
minima constituting a certain basin with a similar kinetic
connectivity are quite different energetically and geometri-
cally. The PSs of the three-hexapeptide analddg. 1) re-
veal that the minima in each basin are energetically different.
Moreover, two basins with similar connectiviti¢see, for
example, basin85 andB6 in Fig. 1(c)] and that contain
conformations with similar potential energies have different
values of the average order paramegieindicating different
geometries. For tetra-alanine it was found that clustering
conformations based on structural similarity and kinetic con-
nectivity yield different pictures, suggesting that each basin
cannot be represented by a single structfire.

In the following, the region corresponding to each set of
minima that branches off from the mainentra) branch in
Figs. 1@), 1(b), and 1c) is considered a basin on the char-
acteristic PS. The distribution of local minima and saddles
with respect to the position of the lowest minimum deter-
mines the topographical pattern of that basin region. The
analysis of the values of the effective order paramptes-
veals structural similarities among the minima constituting a
branch of the disconnectivity grapiie mention here that,
although the basin partition based on the kinetic connectivity
seems very suggestive, just the regularity of the structural
order parametep in each basin, as we noticed above, might
not be adequate to ensure complete separation of the time
scales of the intra- and interbasin dynamics. As we shall see,
the transition matrix can help to identify regions on a PS
where this time-scale separation is not fully achieved. For
those basins the IBM approach becomes inapplicable.

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

B. Interbasin motion approach

To provide further details of the computation, we briefly
review the basic concepts of the IBM approach. In addition

(c) cyc—Alg. Each disconnectivity graph was partitioned into basins and - - : - -
numbered based on the energy where they branch off from the main branctﬁ) the preV|oust DUbIIShEd materﬂél,partlcular attention

starting from the basin which contains the global minimum. Several basindVill be paid here to revealing the main aspects of the
of each system are marked. system-—solvent coupling. This information is intended to of-
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affects the propensity of relaxation towards the native state. k,= Z _
i=0 Ti,a(Eba!Es)

5
which is the average of the effective value of the mean first
passage timer, over the steady-state distributignEs).

Under circumstances assumed in the present approactWe assume that the system rapidly achieves thermal equilib-
the basin dynamics is governed by energy accumulation andum in the well of the starting poinEg, so that the steady-
relaxation processes among the local wells. Moreover, due tstate distribution of probabilitys is of a Boltzmann form
the change of curvature of the effective potential between the
bottom and the top of each local well, the typical rate of
energy exchange between the reaction mode and other modes B(1— e FEba) '
may become comparable with the characteristic vibrational

period of the thermal bath. Therefore, the foundation of theuisitgsir?g;rggti?)?]eggfg %beovn(:éiﬁ) f:néﬁig‘z aglft?ﬁer(ig— o-
IBM approach starts with the assumption that, inside the ba- . . proper " P
raphical pattern, particularly the relative positions of

sin, the system’s motion has a non-Markovian behavior. Thida .
o . . .- minima and saddles along the monotonic sequences. More-

behavior is characterized by a time-dependent friction kernel : : :
ver, general properties of the thermal bath also intervene in

Z=17Z(t) at the contact between the system and the thermal

. . . system’s dynamics.
bath, which usually is assumed to have a Gaussian form The set of equation&)—(6) is used to compute escape

¥ t2 rates from the basing corresponding to each PS of the three
. \/;ex ") (1) alanine—hexapeptide analogsee Fig. 1 Those rates are
¢ ¢ incorporated into a master equation which is then solved.
Z(t) expresses the time correlation function of the randomrhe description of flow of a distribution on the surface is
force F(t) exerted by the thermal bath on the reactive modehen extracted by analyzing the eigenvectors of the master
and is associated with the correlation timeand the Mar-  equation in terms of the pattern of the topography of that PS.
kovian friction vy; t. is a measure of the extent or rate of
equipartition of the reaction mode with the thermal bath.

The above statement on the frictional coupling of the2. Escape rates and the relation with thermal
reaction system to the thermal bath enables a formulation dfa{! properties

a stochastic, one-degree-of-freedom process for the eBergy  |n the following, the set of minima in a given braneh
in the unstable mode(E). The approach leads to an expres- of each disconnectivity graphs in Figstal, 1(b), and c)
sion for the mean first passage time, along each “escape represents the basim on the corresponding PS. The global
channel”i that leads the system to reach the top of the basifninimum (GM) and the first branch of the disconnectivity
a(Ep,) starting fromgg™* graph form together the basin of the global minimu..

_ e In order to compute the escape r&ig[Eqg. (5)] corre-
exHBE) EdE’ exp— BE )_ sponding to that basin, we first have to account for the aver-
Mio(E) Jo wj o(E") age value ofr(E,, ,EJ). According to Eq(3), this quantity

(2 can be obtained if one knows the contributions, of the
u is the energy diffusion coefficient an@=1/kgT has the individual minima. The independent COI’]tI’ibUtiOIﬂ§a [Eq.
usual meaning. Following the IBM approach, we now define(2)] to the average value of the mean first passage tipe
an effective value of the mean first passage timedepend on both vibrational frequency functien,(E) and
7.(Epa.Es), which is the summation over independent con-corresponding energy diffusion coefficient ,(E). The key
tributions 7; ,(Ep.,Es) of all the individual statesw; , (i frequency is derived from the specific form of the potential

fer a way to understand how the system—solvent interaction Eba N f. (Ei Epp) -1
J dEs pssa( Es) :

1. Basic equations of the IBM model

e FE

Pss a( E)= (6)

Z(t)=

Epa
Ti,a(EbaiES):jE dE

=0N,) of the basina Vi in the region of the basin divide. Here, this is approxi-
N mated by a harmonic oscillator of frequena{® . Accord-
1 3 fia(Ei Epi) ingly, the corresponding energy diffusion coefficierf'is

—_ > ()
Ta( Eba ’ ES) i=0 Ti,a(Eba 1ES)
- E)= ——exp(—p2) W)
whereE; andE,,; are the positions on the energy spectrum of Mol B0 Pa)s
the minimumw; , and the saddle between the minimwa, “
andw; ., ., uphill. Here,7,(Ep, ,Es) is the average time in where
which the system escapes from the basiiN, is the number _ (0
: . . Pa=®g4 te 8
of conformation states in the basinand accounts for the
geometric entropy dimension of that badiis the weight of ~ determines the memory friction parameter.
each individual contribution to the avera@® given by If the system is embedded in a solvent, the friction con-
_ B B stanty (the damping ratedepends on the viscosity of the
fia(Bi, Bpi) = 0(Epi —Eo) 0(Bs—Ey), 4 environment and on the characteristic geometry of the sys-
where is the unit-step function. We then use the following tem inside the particular basi®. Therefore, we may write
expression for computing the escape rate from the basin the following approximation:
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n multiple time scale (J§=ly;1), a consequence of the char-
7a27T<R>a77M! 9 acteristic coupling in each basip as we discussed above.

where(R), is, for example, the radius of gyration of all the C- Dynamics

peptide atoms averaged over the conformations in the basin In the following, we would like to see the relaxation of
a, 7 is the viscosity, andh is an integer depending on the each of these three alanine hexapeptide analogs on their
(slip or stick boundary condition at the interface. On the characteristic PS. Specifically, we would like to know how
other hand, the frictional relaxation tintg and the Markov-  the probability evolves as the system surveys basin regions
ian friction constanty are bound by on each PS, with its own different energetic states and struc-
tural categories. Also, we are interested in finding how the
(10) topography governs the relaxation and kinetic traps. We
compare their relaxation behaviors and infer from them the
effect of the conformation constraints on the systems’ dy-
wherea is essentially the inverse of the infinite frequency namics. Finally, we point out the connection between the
shear modulus of the solvent. In this context, we may deterthermal bath properties and the ability of the system to relax
mine the corresponding friction correlation tintg, and  on its characteristic PS. This can be inferred from the change
damping ratey,, for each basin on the PS. This fact implies of the tendency of relaxation of the system with the variation
that the relaxation behavior depends intrinsically on the wayf the memory friction parameter,, .
the various conformations of the system couple to the ther-  Prior to applying the IBM approach for the hexapeptide
mal bath. systems, the transition matricé#;; , were mapped to exam-
One more thing should be stressed at this point. Thene the validity of the separation of time scales between
Gaussian memory functioil) represents a reasonable modelintra- and interbasin dynamid&ig. 2). In these figures, the
for both short and intermediate relaxation time scales, suclliagonal elements represent intrabasin dynamics and the off-
as those describing a single molecule in a dense fluid ofliagonal elements represent interbasin dynamics. The white
characterizing internal couplings between the reactive modgegions correspond to slow rates. It can be seen that for Ala
and the remaining nonreactive modes. During the passaggrig. 2(a)] as well as cyc—Alg[Fig. 2(c)] both diagonal and
dynamic coupling may drive the degrees of freedom perpenoff-diagonal elements include fast transition rates. However,
dicular to the reaction coordinate out of equilibrium, or into for chrg—Alg [Fig. 2b)], only one diagonal element in-
a mutual equilibrium that does not encompass the reactiogludes fast processes, indicating that intra- and interbasin
coordinate?>?® Essentially, this drag effect can be seen as amotions occur on different time scales.
viscoelastic response of the vacuum. For studying dynamics To study the state-to-state versus basin-to-basin dynam-
of isolated systems, the use of internal coupling is consistents, the master equation was solved for both situations by

with vacuum potential surfaces. Therefore, the memory funcintroducing the transition probabilityV;; from statej to
tion (1) fits the aim of the present investigation. statei

We are aware, from results reported recefiat the
effects of solvation may have dramatic consequences for the P
PS of polyalanine. This fact requires special attention in as- _:Z (WijPj—W;iPy),
sessing thermodynamics and kinetics from those surfaces. at !
The Gaussian approximation for the memory function mightwhereP; is the probability for finding the system in a state

not be suitable to account for system’s couplings with strongand by the transition probability,, from basina to basinx
dielectric and/or ionic environments. The basic assumption

used in the following is that of invariance of the energy IP
landscape for different regimes of the memory frictf6tun-
der such circumstances, we calculate the escape rates corre- at
sponding to all basin regions displayed on the characteristigshere P, is the probability that the system visits basin
PS of each of the three alanine hexapeptide analogs. Thesplving the master equation for Ala chrg—Alg, and
escape rates are computed for three given values of thgc—Alg by the state-to-state approach involves 280, 86,
memory friction parametefsee Eq.(10)]: p{=0.1, p'?  and 148 states, respectively. Within the IBM approach, these
=0.4, andpff):O.?. For all these values, the correlation states are compressed to 17, 12, and 11 basins and all the
time t. associated with the thermal bath is still smaller thantopographical informatioiithe positions on the energy spec-
the typical molecular vibrational period(®) ~* but the sys-  trum of the minima and saddlés transferred into the basin
tem starts approaching non-Markovian behavipr,*1) escape rates as described via E&(5). The partition of
from the ideal, Markovian limit ¢,=0). In the limit p,  the disconnectivity graphs in basins can be seen in Fig. 1.
—0, we are able to compare our results with those obtained The initial conditions for the stochastic simulations, both
previously by the mean of the full master equationconfigurations and temperature, were similar to those set in
approaclh. the previous study.Thus, the population probabilities for

As usual, we express the values of the escape rates gach system were calculated at 400 K, with the initial popu-
units of y,, which renders the scale of relaxation time lation all in the highest energy basin, which includes un-
~ .1 Actually, each variety of kinetics features its own folded conformations. Figure 3 shows the time evolution of

te=ay,

[e3

:§ (KnaPy—KarPa), (1)
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Bl le_Bﬁ B7 BI10 teristic PS. The kinetic data were obtained by solving the master equation

using the state-to-state approach and summing all the populations of the
states that constitute each basin.

the basin populations as generated by the state-to-state

FIG. 2. The transition matriXxW of (a) Alag (b) chrg—Ala; and (c) m_ovements. Th_e population Of the basm Pa(t), is Ob_-
cyc—Ala, Each matrix reflects the state-to-state transition probaliiz-  tained by summing the probability densities corresponding to
culated by the TSramong the 280, 86, and 148 states of Alehrg—Alg, all its stateqi.e., P, (t)=2;_,Pi(D].

and cyc—Alg, respectively. The states are grouped according to the basin

partitions as described by the disconnectivity gragpfig. 1). While the I1l. RESULTS

diagonal elements correspond to intrabasin dynamics, the off-diagonal ele-

ments describe interbasin dynamics. Above the diagonal are transition rat#. Ala g molecule

from low energy basins to a basin located higher on the graph. Below the . . . .
diagonal are transition rates to a basin that branched off at a lower energy We first Investigate the relaxation of ,%Iander the con-

mode on the disconnectivity graphs. ditions established above. Figuréatdepicts the time evo-
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P deep narrow basin on the energy slab of 21 kcal/mol, acts as
0.3 - a significant kinetic trap. The accumulation regimeBdf3 is
ol / long (about 18 y~! unity, predominating over the other
’ / probability densities, and the asymptotic limit has a high
0.25 / value (~12%), above the saturation limit of the low energy
/ ' basinB2, for example. The Alalinear hexapeptide is rela-

/
- //K‘ 5 tively inefficient at finding the region of the global mini-
/

0.15 mum. Other higher energy basinBg, B6, andB8) acquire
significant populations in their long-time limits. One more
thing needs to be stressed at this point. As we can see from
Fig. 4, the basin82-B6 undergo sequential kinetics, with
probability profiles that first increase and then decrease with
s 100 15 20 20 ® time. Therefore, dynamics in these regions of the PS is gov-
t (102 ps) erned by a hierarchical relaxation provided by gentle funnel
properties of the PS. In contrast, the baBih3, which is
(a) deep and narrow, has a pronounced unistep kinetics.
The relaxation behavior of Ajgchanges with changes of
the properties of the thermal bath. Precisely, by acting on the
P parameters of the memory functiqd), we may tune the
0.35 . Bl strength of coupling between the system and the thermal
7 bath. For example, we increase the value of the memory
/ friction parameter fronp,=0.1 top,=0.7 and look at the
/ relaxation behaviofsee Fig. 4b)]. The folding timet;, de-
, fined as the starting point of the asymptotic regime of the
0.2 / - probability density inside the basin of the GM, is increased
e by about 70% in this way. In addition, the change of the
memory friction parameter induces variations on short time
B2 B13 . . . . . .
01 %“\@M scales among the population distributions. Especially, high
— B5 energy basins seem affected the most.
0.05 — 5 The state-to-state approach to dynamics ofgAlgig.
3(a)] supports the aforementioned results in the sense that,
50 100 150 200 250 300 besidesB1, several other basin®6, B6, andB8) are sig-
t (102 ps) nificantly populated at equilibrium. However, the basin
populations are different in these two results. This result was
(b already expected since the diagonal and off-diagonal ele-
ments of the corresponding transition matfikig. 2(a)]
FIG. 4. (@) Time evolution of probability densities in basifisiarkedB; , showed comparable values. This discrepancy suggests that
j=1-3,5, 6, 8, 13 in order of increasing energy the characteristic PS of the basin partition based on the kinetic connectivity and
the linear Alg polypeptide forp,=0.1. (b) For p,=0.7. structural similarity is not the most relevant for studying the
dynamics of Alg.

0.1 e~

0.05

//
g 2E BB

lution (in y~* units) of the probability densities in several of
the most populated basifisranchesof its characteristic PS.
In Table | we displayed the equilibrium probability densities
corresponding to those basins. Our computation shows that In Fig. 5a) we display the evolution in time of the prob-
these basins arB1, corresponding to the GMB2, B3, B5,  ability densities inside the basiri&l —B5 corresponding to
B6, B8, andB13. (Here,p,=0.1.) We observe that the in- the PS of chrg—Ala Table Il contains the values of the
crease of the population of the primary basin, containing thequilibrium probability densities in those basins. The popu-
global minimum, is sharp and the probability reaches a plalation distributions over the other remaining basins are insig-
teau of about 35%see the curve labeldgl). But, thisis not  nificantly small and are not shown. Here, the conformations
the only basin dominating the PS. The basB® andB3  corresponding to the energy slab 20-22 kcal/mol are taken
display also, in the asymptotic regime, relatively hightogether. As in the previous case, the memory friction param-
weights, comparable to that &1. The basinB13, a very eter is set first top,=0.1. We see that this system has a
greater propensity for folding, which defines the system’s

TABLE I. The equilibrium probability densities in basins on the character- predllectlon for populatlng low energy basins, than eAlé.n

B. Chrg—Ala ¢ molecule

istic PS of for the linear Alapolypeptide. important energy gap, about 6 kcal/nmieke Fig. 1b)], sepa-
rates the low energy basins from those of high energy. The

By B, Bs Bs Bs Bg Bis presence of this energy gap might induce a higher accumu-

0.34 0.1 0.17 0.07 0.05 0.06 012 lation in low energy basins. The probability density in the

primary basin B1), of the GM, shows a sharp increase in
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P Bl TABLE Il. The equilibrium probability densities in basins on the character-
istic PS of for the linear chrg—Ajgpolypeptide.

0.4 r

B, B, B, B, Bs

0.3 ¢ 0.42 0.18 0.17 0.02 0.12

0.2

other basins, of higher energy, display more prominent peaks
in their first increase of probability density distributions. For
each of them, the subsequent decrease ends, however, with a
low depletion limit. This sort of dynamical behavior may
sign the presence of intermediates in the folding process.
Also, we can see that the constraints on the flexibility of the
molecule induced by electrostatic forces led to preclude the
kinetic trap B13) we evidenced in the previous case of the
linear molecule.

Again, the increase of the memory friction parameter
induces different time scales for the survey of the configura-
Bl tion space of chrg—Ala Roughly, the time scale becomes
0.4 7 about 20y~ ! units larger at each 0.3 increment of the
/ memory friction parameter. In Figs(&, 5(b), and §c), we
o3l / see that the folding time increases fram=160 y * to t

/ =200 ! when the value op,, increases from 0.1 to 0.7.

0.1

£ B BB

100 200 300 400 500 600
(€)) t (102 ps)

Also, the high energy population densities change on short
0.2 »‘/;>~ = time intervals. The memory friction effect alters the way in
. ) B3 which the system approaches equilibrium.
o1 85 The basin populations displayed in Fig. 5 are very simi-
lar to those obtained by applying the TST appro#Efy.
3(b)]. This indicates that, for chrg—Adathe basin partition

By 700 0 00 o P outlined from the_kinetic cor_mectivit_y is cor_lsistent With the
(b) £ (102 ps) _complef[e s_eparatn_)n of the mtrabas_lr_] and mter_bqsm dynam-

ics, which is required by the condition for validity of the

IBM theory. The result is in agreement also with the inter-
pretation of the transition matripFig. 2(b)].

B4

P
0.4 /,//' Bl C. Cyc—Ala g molecule
' // As we already noticed in the introductory part of this
0.3 / paper, the topography of the PS of cyc—Aia significantly
T different from those of the other two peptides. A dissimilarity

in its relaxation behavior in comparison with previous cases

f
0.2}/ —— B2 is obviously expectedFor visualization, see Fig.(8).] The
ﬁ B3 two competitive basin85 andB6 marked at high energies
0.1 — BE on the disconnectivity graph act as kinetic traps. All three
\ - competing basins display exponential kinetics with satura-
tion regimes and the corresponding time scales are similar. In
100 200 300 400 500 600 the asymptotic regime, population distributions of bagis
© £ (102 ps) and B6 achieve high densities, about 20%. However, the

probability density in the primary basirB() stays at its

higher value, about 40%For the equilibrium probability
FIG. 5. (a) Time evolution of probability densities in basifmarkedB;,  densities in the most populated basins on the characteristic
JC ;r;:ila;np;;%eerpg;e'r;g:’f?i'ggligfrggr;JQ%_ZhZ;agﬁrE:E OF_)7S_ ofthe pg of _this molecule, see Table )IWe_ aIS(_) notic_e a stril_<ing

behavior of the unfolded conformations in ba&ithil, which

are highly populated even at long times. The depletion limit
time and reaches, in the asymptotic regime, a population ofLl2%) of the corresponding probability density in this basin
about 42%. The basinB2 and B3, which are below the is comparable with those of low energy basid§% in B3,
energy gap, are highly populated in the asymptotic regimefor examplg. The fact originates with the topographical pat-
The probability density in the basins below the energy gap isern of that region on the characteristic PS that displays a
about 80%. We can also perceive a slight trend for sequentiaklatively deep basin of unfolded states at the energy slab of
kinetics corresponding to these two low energy basins. Th@2 kcal/mol. The folding time is about 3@ * units, which is
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FIG. 6. (&) Time evolution of probability densities in basiiarkedB;,
j=1, 3,5, 6,11 in order of increasing energn the characteristic PS of the

cyc—Ala; polypeptide forp,=0.1. (b) For p,=0.4.(c) For p,=0.7.

Dynamics of conformationally constrained peptides 5681

TABLE lll. The equilibrium probability densities in basins on the charac-
teristic PS of for the linear cyc—Adgpolypeptide.

Bl B3 BS BG Bll

0.36 0.1 0.19 0.21 0.05

highly populated, the TST approach shows that two compet-
ing basins B5 andB6, are negligibly populated, in contrast
to their significant populations found by the IBM approach.
One more thing calls for attention. If we assume the
typical range for values of the friction constanty
~10"-10*s 1, we then obtain folding times in the interval
observed in the previous studyf we assign a specific fric-
tion constanty,, to each basin on the PS, the useyoft units
to scale the folding time is no longer appropriate. Obviously,
for the present situation, with a unique, universal friction
constant, a better description of the dynamical behavior of
the system would be a combined representation of the prob-
ability densities obtained for the three cases 0.1, 0.4,
and 0.7. There are, however, certain limitations in our work
which are due mainly to uncertainty of the data on viscoelas-
tic response of vacuufT.We believe that the approximations
we have been forced to use do not affect the qualitative re-
sults of this paper. Particularly significant is the result that
the values of our rate constants are of the same order of
magnitude as those from TST theory.

IV. CONCLUSIONS

We have illustrated, by using the mean solution of the
reduced master equation for interbasin motion, the connec-
tion between topography and dynamics for the particular
case of conformationally constrained peptides. Generally, we
observed that the differences in PSs yield differences in dy-
namics as well. These kinetic implications have been re-
vealed in the results of the calculations. Particularly, most of
the information we extracted here with regard to the popula-
tion distributions over the corresponding conformation space
agrees reasonably well with that obtained by using the mean
of the full master equation.

In addition, the present study indicates that modifications
of the relaxation behavior can be quantified in some cases
and compared by an adequate partitioning of the PS. Focus-
ing on the transitions between basins rather than between
individual states appears, in principle, more informative.
This strategy can be useful for comparing with experimental
results?® Although the partition scheme of the PS based on
the kinetic connectivity and structural similarity seems sug-
gestive at first glance, it proved deficient in delineating cor-

much shorter than that we found in the previous case ofectly some basins on the PS of Aland cyc—Alg. Other
chrg—Alg. This fact is a consequence of the decrease imoutines might provide a subset of the characteristic PS with

depth of the low energy basirigom 10 to 5 kcal/mol. The

the required evidence for the complete separation of the in-

trend of the folding time with changing the value of the trabasin and interbasin dynamits.

memory friction parameter is similar to two other cafese

Figs.

gb) and(c)].

It has been suggested that the relaxation behavior de-
pends not only on the topography of the PS but also on the

The cyc—Alg basin populations, as were found by the way the various conformations of the system couple to the

state-to-state dynamics with the aid of the T¥g. 3(c)],

thermal bath. Each basin on the PS is characterized by a

are in partial agreement with the basin populations foundpecific coupling between the system and the surrounding
above. While both results agree that the global minimum ighermal bath. The strength of this coupling depends on both
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