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In this paper we apply the master equation approach to study the effects of the energy landscape
topology and topography on the kinetics of folding, and on kinetic transitions of three
alanine-hexapeptides analogs which involve polypeptides with neutral and charged groups and a
cyclized polypeptide. We rely on the potential-energy landscapes of these molecular systems, which
have been constructed using both a topological mapping analysis and a principal component
analysis. It was found that the different topology and topography of the energy landscapes result in
different “folding” time scales and that the systems with geometrical constréaytdization and
opposite charges at the terminfold” more slowly than the unconstrained peptide. In addition, for

each of the three polypeptide systems, the kinetics is nonexponential at the temperature range
400-600 K. The relaxation kinetics is characterized by logarithmic oscillations, which indicate
hierarchical dynamics characterized by multiple time scales of(fast p9 and slow(few us)

events. At higher temperatures, successive relaxation channels with similar characteristic time scales
collapse into a single relaxation channel. While the kinetics of the unconstrained peptide at 600 K
can be reasonably well described by a single exponential time scale, the kinetics of the constrained
hexapeptides are inherently hierarchical and featured by multiple time scales even at high
temperatures. €001 American Institute of Physic§DOI: 10.1063/1.1415444

I. INTRODUCTION cerning the complexity of the underlying energy landscape
for a system with many degrees of freedom can be obtained,
The structure and dynamics of peptides and proteins aryr example, by observing a multiplicity of relaxation
characterized by their multidimensional complex energytimes??>-2’ The classical studies of Frauenfelder and
landscapes. Their kinetics, including what is known as theollaborators>=2° on the rebinding kinetics of CO to myo-
“protein folding problem,” is of major interest for both ex- globin described this kinetics in terms of a hierarchy of
perimental and theoretical studi&s. Theorists promote the minima, referred to as “conformational substates,” arranged
idea that the overall kinetics of a polypeptide is a consein “tiers” corresponding to different conformation energies
quence of the multidimensionality and complexity of its un-and barrier heights. The “substates” were introduced to ex-
derlying energy landscage’® However, most experiments plain the different time scales on which certain kinetic phe-
seem to indicate that a straightforward classical kinetimomena take place in this system. In general, it was assumed
analysis, based on a small number of states along a onehat slower phenomena are associated with larger scale mo-
dimensional reaction coordinate, is sufficient for characteriztions.
ing the observed protein folding kinetit$? This kinetics is Recently, several experimental studies for peptides and
usually explained in terms of a straightforward two-stateproteing® have shown that their kinetics deviates from the
kinetic scheme in which a high barrier separates the unfoldedimple exponential relaxation, expt/ 7). Instead, the kinet-
state from the native folded orfé In some cases a limited ics were better fitted by a stretched exponential function,
number of intermediates is introduced along an essentiallgxd — (t/7)#] (where 0<B8<1), or an asymptotic power-
one-dimensional reaction coordindfé® Even in cases law function 1/(1+t/7)", (wheren>0). For example, Grue-
where the observed kinetics is quite complex, a onebele and co-workef&?’ reported that the refolding kinetics
dimensional description is typically employed. For example,n an aqueous solution of two proteins, the yeast phospho-
a three-state interpretation (Unfolded—Intermediate glycerate kinase and a ubiquitin mutant, is best described by
—Native) was employed to describe the folding kinetics of a stretched exponential. Metzlet al?® found that the S-S
ubiquitin'’*® and of cyt c¢'*?° More complicated one- recombination in a di-thiotyrosine peptide following bond
dimensional schemes were employed to describe the kinetiaseavage is highly nonexponential and can be fitted either to
of circularly permuted RNA! Despite the evident success of a stretched exponential3=0.086 or to an asymptotic
the simple kinetic scheme, there are however also experpower-law fi=0.331).
mental studies that point to a far more complex kinetic be-  As noted above, during the last decade, the simple ki-
havior than commonly assumed. Experimental evidence cometic view of protein folding was complemented by a theo-
retical view, emphasizing the rugged character of the under-
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and collaborators'® suggested, through simulations and in- alanine-hexapeptide analogs, which have recently been con-
vestigations of model systems, that the overall structure o$tructed using both the topological analy$® and the prin-
complex free-energy surfaces, such as those controlling praipal component analysié.Applying a master equation ap-
tein folding, is characterized by a multidimensional “fun- proach, based on the dual energy landscape analysis, for each
nel.” This “funnel” represents a built-in bias in the polypep- of the three hexa-alanine analogs has shown that the kinetics
tide’s potential energy and free-energy landscapes, steeringadf each peptide is characterized by nonexponential dynamics
efficiently towards its native state. Theoretically, polypeptideand unique time scales, which are dictated by the landscape
energy landscapes have been studied using both simplifisdpography and topology.

models(on-lattice and off-lattice modeR’*1*?and detailed
atomistic simulationd®*3-3" with the resulting landscapes
being characterized in a variety of ways using order
parameters>** geometrical measurés®” and topological ~A. The molecular systems and their vacuum
connectivity mapping®~*"1n principle, the energy landscape €energy landscapes

describes all the pathways bridging the unfolded and the  tpree alanine hexapeptide analogs were studigdila-
fqlded statgs, the intermgdiates along the pathways, and their,e hexapeptide with neutral terminal grou@sa6); (ii)
hierarchy, i.e., which folding channels occur in parallel andy|anine hexapeptide with a positive charge at the N-terminus
which are sequential. Recently, it has been pointed out tha{nq 5 negative charge at the C-termifisrg-Ala; and(iii)
the relaxation of a hierarchical system, which is governed by, packpone cyclized alanine hexapeptidgc-Ala6). Re-
distinct and discrete time scales, can be detected by plottingantly, the energy landscapes of these three hexa-alanine ana-
dlog(f(t))/dlog(t), wheref(t) is the relaxation functiof” |gs were constructed based on conformation samples gen-
Applying this method of analysis for a hierarchical dynamicerated by high-temperature molecular dynamics simulations
process results in “shoulders” that are frequently called logain 3 vacuum followed by gradual annealitff’ In order to
rithmic oscillations. Each oscillation represents, in the coursyiow for an efficient landscape analysis, the conformation
of time, the contribution of yet another relaxation channel ingagmples were pruned by removing conformations that are
the decay cascades. Logarithmic oscillations superimposegighly similar to other conformations in the sample. The en-
on relaxation patterns were found for several complex sysergy landscapes were mapped using two techniques: the prin-
tems, for instance, the kinetics of chloride ions through acipal component analysis, PCAbased only on local
channef® and the diffusion process on the Sierpinski minima)®"4*%that reflects the landscape’s topography, and
gasket the topological mapping analysibased on minima and bar-
Protein folding is often considered a hierarchicalrier information®>—" that concentrates on the energy land-
process$:**The folding of a globular protein involves a se- scape topologyi.e., the barrier connectivily
guence of events, each with its characteristic time scale. The The PCA method is used to project high dimensional
kinetic inhomogeneity of the sequential domains is envi-data onto low-dimensional subspaces which contain the “es-
sioned in terms of a “downhill folding” scenario cascading sential” information. In the context of macromolecules, the
through a hierarchy of protein substates. A sequential dynanPCA was first used to analyze and visualize molecular dy-
ics in the reordering of proteins after a “proteinquake,” fol- namics trajectories!~>®to obtain and to visualize conforma-
lowing a hierarchy of protein substates, as well as the existion sample¥’-*°and to attempt to perform dynamics in the
tence of equilibrium fluctuations between the protein statesseduced subspadé.This method projects the multidimen-
was suggested by Frauenfelder and colleagtigdThe first  sional conformation spadeepresented by a set of conforma-
evidence for logarithmic oscillations has recently beentions) onto a new set of axes that maximizes the variance of
reported for the relaxation of myoglobin after photo- the projection along orthogonal directions. In most cases it
dissociatior?® was found that the optimal 3D projection of the full space
An approach that is clearly poised to bridge the gap beheld 60%—-85% of the information about the distribution,
tween the averaged macroscopic kinetic experimental ohindicating that a 3D visualization of large multidimensional
servables on the one hand and the detailed microscopic deenformation spaces can be obtained while the rest of the
scription provided by the energy landscape on the other hanisiformation is distributed in small quantities over the other
is the master equation approach>~*8 One advantage of dimensiong®
this approach is that it can be used to study kinetics on a The topological disconnectivity graphBigs. 1a), 1(c),
much longer time scale than the one accessible through dand Xe)] and the principal component maps of the energy
rect molecular dynamics simulations. In addition, the mastesurfaces[Figs. 1b), 1(d), and 1f)] for each of the three
equation describes the relaxation of an ensemble over laexapeptides yielded very similar energy landscape pictures.
range of temperatures without the need for explicit averagingdowever, the topographies and topologies of the three land-
over the separate trajectories. The prerequisite for any mastecapes are different. While the energy landscape of Ala6 is
equation study is a knowledge of the underlying energy landeharacterized by a single broad rough funjfébs. 1a) and
scape and of the transition rates between the minima. 1(b)], the energy landscape topography of chrg-Alaé is that
The goal of the present study is to characterize the effeadf a single deep and narrow funriéligs. 1c) and 1d)], and
of the energy landscape topology and topography on théhe energy landscape of cyc-Ala6 is characterized by three
complex kinetic characteristics of the system. To address thisompeting basin§Figs. 1e) and Xf)].
guestion we rely on the potential energy landscapes of three To gain insight into the “folding” mechanisms of the

IIl. METHODS
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FIG. 1. The energy landscapes ob-
tained by topological mapping and
principal component analyses for Ala6
(a and b, chrg-Ala6(c and d and cyc-
Ala6 (e and j. The graphs indicate a
single dominant funnel on the energy
landscapes of Ala6 and of chrg-Ala6,
and the energy landscape of cyc-Ala6
exhibits three competing basins
(marked A, B, and €
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three-polypeptide analogs and into the effects of the conforpotential surface constitutes a complete representation of
mation constraints, an order paramejemwas previously each system.

defined’” measuring “nativeness” based on the dihedral

angles that characterize the native structure. Based on tg%e The master equation

order parameter as a reaction coordinate it was found that’ q

Ala6 exhibits a direct one-step folding, chrg-Alaé shows a A powerful approach to the dynamics and kinetics of
two-step folding, while cyc-Ala6 reveals competing path-systems with tens to ten thousands of particles originates
ways leading from one basin to another, providing informa-from the statistical sampling of linked minima and saddle
tion about the effective folding pathways on the complexpoints on the potential surface of the system. For a system of
topography of the landscapes. However, this approach cannt#n particles, the knowledge of all the minima and saddle
address the central question of the folding kinetics. In whapoints on its potential-energy surface, together with a little
follows, the kinetics of these three molecular systems is studadditional information about the shape of the potential in the
ied using the master equation, based on their potentialicinities of these stationary points, is sufficient to construct
energy landscapes. In doing so, we assume that the samplethster equations that reproduce molecular dynamics simula-
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tion results at all but the shortest time scdfe¥*8For sys- a
tems of ten or more particles, which are large enough to ]
make a full exploration of the landscapes inconvenient, but ¢ Alaé6

not impossible, master equations based only on statistical
samples were also able to reproduce the results of molecular
dynamics simulation® Recently, the overall kinetics of
clusters®™*such as (KOk, Arg, 13- and 38-atom Lennard-
Jones clusters, and of small polypeptide$“*®e.g., tetra-
alanine and octa-alanine, were studied with the aid of master , © 1 20 30 40
equations, based on a detailed characterization of their en- M
ergy landscapes.

The master equation represents a fundamental statistical 1
mechanical approach to kinetic transitions among a multi- JHHH
tude of states. It is a loss-gain equation that describes the a
time evolution of the probability?;(t) for finding the system rﬁ- 11
in a statei.*® In the language of energy landscapes, local ; :
minima represent conformational states of the molecijle, 0 10 20 30 40
while saddle pointgwhich represent transition pathwayie-
termine the state-to-state transition rates. The basic form of _
the master equation, which provides a connection between cyc-Ala6
the topography of the energy landscape and the system’s ki- :
netic behavior, is,

dP;(t) ri{
dl =2 [W;;P;() —W;iPi(1)], ) ; ' +
t J 0 10 20 30 40
whereW;; is the transition probability from stafeto statei. Barrier height (kcal/mol)

This equation can be rewritten in matrix forr®(t)

=WHP(t), whereP(t) is the probability vector at timg and  FIG. 2. Histogram plot of the barrier energies of Alé®, chrg-Ala6 (b),
its formal solution isP(t) =exptW)P(0). In this formula-  and cyc-Ala6(c).

tion the transition matrix elements are defined as

W”:Wij—éij(E Wki>. (2)  the eigenvalues);, of the transition matriX\W/. The time
k evolution of the probability vectoP(t) can be written as

The matrixW has the propertie®V;;=0 for i#j, and the

sum over each column is zero; namefyW;; =0 for all j. Pi(t)=Pe%+ >, Ckskerut (4
Given the knowledge of the minima and the transition states k

on the energy landscape it is possible to use the transitiofith the sum ovek being taken fom ,<O.

statg theorfamong other methofdip evaluate the transition The coefficientsC*=[S|P(0)] are determined by the
matrix elementgrate constantk;;), i.e., initial distribution, P(0). Since all\, <0, the equilibrium
KT QF distribution P¢% is the eigenvector which correspondsip
ki =W, =— —Lexp( — E¥/kT) (3 =0;ie, ast—x, P(t)—P°@ and all the other terms decay
ij ij h Q ij ’
i to zero.

The transition probabilityV;; , going from a local mini-
mumj to a local minimumi, Eq. (3), is calculated from the
barrier Ej; that separates thefi?>**and from estimates of

s . # ey .
height measured relative to stiteHistograms of the barrier "€ partition functionsQ; andQj; . These partition functions

energies of the three polypeptidésg. 2) reveal wide distri- were calculated within the harmon_ic approximation by cal-
butions ofE}; values, with the cyc-Ala6 being characterized culating the normal mode frequencies, of each conforma-

wherek is the Boltzmann constartt,the Planck constan@;
the partition functions of the “reactant” statégﬁ the parti-
tion functions of the transition state, arEﬁ the barrier

by the narrowest distributioE}j=1-17 kcal mol?), tion and saddle point using th@iaRMM program®*®
while the distributions for Ala6 Ef =1—32 kcal mol*) and m KT

# " 1 Harm.
for chrg-Ala6 (Ej;=1-40 kcal mol”) are broader. These Q :|H1 _hv|’ (5)

wide distributions of barrier heights, which seem to charac-
terize complex systems, such as polypeptides, imply nonexshere m=3N-6 for each minimum conformation or

ponential kinetics. m=3N-7 for each saddle point, whild is the number of
To follow the time evolution of the population probabil- atoms.
ity at each minimumpP;(t), it is necessary to solve the mas- To trace the folding kinetics for each peptide, the five

ter equation, Eq(1). This can be done by expanding the least stable states with the highest potential energy were ini-
probability vectorP(t) in terms of the eigenvector§;, and  tially equally populated. We found that changing the initial
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population to include more than the five least stable local (@) Ala6

minima, or choosing high-energy local minima, not accord- VO Tt
ing to their energy, but according to their connectivity, does 1 . .
not affect the kinetic results. It was found that for chrg-Alas, 0.8 Minima separated ffom the GM by barriers

. .\ lower than 14 kcal/mol
at temperatures below 400 K, a number of slightly positive

eigenvalues of the transition matrix begins to appear. This
numerical artifact can be traced to the smabsitive diag-
onal elements ofV at low temperatures. Czerminski and
Elbe* and Wales and co-workéfsreported similar numeri- 04 A\ T
cal problems, and therefore restricted their studies to suffi- 1 K Global minimum

ciently high temperatures. Here we concentrate on the kinet- ¢ 2 -
ics of the three hexa-alanine peptides at a temperature rang

of 400-600 K.

Minima separated from the GM by barriers
lower than 12 kcal/mol

Probability

0 20 40 60 20

Time (ns)
Il. RESULTS
(b) chrg-Ala6
1.0
Solving the master equation at a given temperature pro- |

vides the time evolution of the probability for finding the 0.8 d -~ Minimaseparated from the (iMll’y barriers
system at any individual statee., conformatiohi. In prin- / lower than 14 keal/mo

ciple, it is more informative to focus on the kinetics of tran-
sitions between “basins” rather than between individual 0.6 9 Minima separated from the GM by barriers
states. These “basin-to-basin” transitiGhsre more useful lower than 12 kealimal ..
when compared with experimental results, which follow only & 0.4 o o777
this type of transitionge.g., from the “unfolded” basin to
the “native” basin.! In a previous studif the energy land-
scapes of the three hexa-alanine analogs were partitione: B
into disconnected “basins” by applying “topological ]
mapping.’ In this context, a basifR(«) is a set of system °~'g_0 S 510’ s 0x10° 75x10° 1.0x10°
configurations that map to a single local minimunby di- ‘ . '
rect minimizatioi’ or by annealing® “Topological map- Time (ns)
ping” ME:R3N"6_.14"1E was introducetf to map the con- (c) cyc-Ala6
nectivity between basins as a function of ener@yr
temperaturg

To calculate the accumulated probability of finding the
system in a given basiR,, the state-to-state results of the

A. Basin population probabilities

e

0.4 -

Probability

Global minimum

1nimum
o
=
w
P
3
E-N ;
S
(=)
N’

master equation are grouped according to the basin partition-g 0.009
ing. Namely,P, is defined as the sum of the probabilities of ;
the individual states that make up basin, =
L 0.006
2
Pi()=2 Pi(t). ® & Basin A
rel .g o003l ..., Basin B
With this definition of basin probabilities, it is possible & 4§ 77" Basin C
to study the effect of the landscape topography on the folding ¢ 4o J-Z2 00T o Rt R n Znnn i r et
kinetics. In the case of the three hexa-alanine analogs studiet 0 40 80 120 160
here, one would expect that the kinetics on a single basin Time (ns)

(single funnel landscapdgAla6 and chrg-Alag will be dif-

ferent from the kinetics on a multiple basin landscépgc- ) . ) -
Ala6) FIG. 3. The time evolution of the population probabilities of finding poly-

: . . alanines at the global minimum, Gkéolid line), and at the funnel bottom
Figures 3a) and 3b) show the time evolution of the (dotted and dashed lingsalculated at 400 K(a) Data for Alaé. Using the
population probability for finding Ala6é and chrg-AlaG, re- disconnectivity grapfiFig. 1(a)] a conformation is regarded as located at the

spectively, in the global minimurGM) basin Characterizing funnel bottom if the barrier that separates it from the global minimum is

heir f | land h lati babiliti smaller than 12 kcal/mdHotted line, corresponding to 20 conformatipos
their funnel energy landscapes. The population proba ”t'e§4 kcal/mol(dashed line, corresponding to 35 conformatjofis) Data for

for each system were calculated at 400 K, starting from amhrg-Ala6. The dotted and dashed lines correspond to 7 and 18 conforma-
initial popu|ation where on|y the five highest energy confor-tions, respectively(c) Data for cyc-Alaé. The time evolution of the popu-

: : ation probabilities of basin Asolid line), basin B(dashed ling and basin C
mations were pOPUIated' The accumulated pOpUIatlon prOH(dotted ling. The insert shows the short tin{—0.4 ng population prob-

ability of finding the_syStem within the funn_el on a “funnel gpjjities. These probabilities were corrected for size effects by dividing them
energy landscape” is calculated by summing up the probby the number of minima in each basin.
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abilities of the individual conformations located at the bot- Figures 1e) and 1f) reveal that the energy landscape of
tom of the funnel. The identification of the sets of conforma-cyc-Ala6 includes three competing basins. Basin A is the
tions, which correspond to the bottom of the funnels for Ala6deepest basin on this landscape. It is separated from basins B
and chrg-Ala6, rests on the connectivity and topology ofand C, which are disconnected and include states with a
their lowest-energy minima on the PELs. Using the disconsimilar energy, by barriers in the range of 10-12 kcal/mol.
nectivity graphs of AlagFig. 1(a)] and of chrg-Alag[Fig. = Despite the similar thermodynamic and kinetic characteris-
1(c)], we define a conformation as located at the bottom otics of basins B and C, the structural properties of the con-
the funnel if the barrier that separates it from the globalformations they capture are different. Using an order param-
minimum is lower than 14 kcal/mol. The time-dependenteter p, which estimates the resemblance of the dihedral
probability flow in Figs. 8a) and 3b) shows the tendency to angles of a given conformation to the dihedral angles of the
populate the low-energy regions of the funnel on these PELsnative” conformation, one finds that basin C is structurally
To visualize the gradual population of the funnel, one carmore similar to basin A than to basin®The time evolution
follow the population probability of the GM, as well as the of the population probabilitiesP,(t), of basins A-C at
accumulated probabilities for all minima separated from the#00 K, starting from a state in which only the five highest
GM by 12 or 14 kcal/mol. We note that the accumulatedenergy conformations are populated, is shown in Fig).3
probability of finding Alaé and chrg-Ala6 at states separatedl0 correct for size effects, the basin probabilities are divided
from the GM by barrier heights lower than 14 kcal/ndb by the number of minima in each badinasins A, B, and C
conformations of Alaé and 18 conformations for chrg-Alaé include 7, 8, and 13 conformations, respectiyelshe equi-
is higher than the accumulated probability of finding them afibrium population of basin A, which is the deepest basin on
states separated by barriers lower than 12 kcal(@®land 7  the landscape, is the highest and the equilibrium populations
conformations of Alaé and chrg-Ala6, respectivelMamely,  Of basins B and C are significantly smaller. One should note
at 400 K the population probability is not focused on thethat cyc-Ala6 “folds” more slowly than Ala6 but faster than
global minimum of Alaé and chrg-Ala6, which is located at chrg-Alaé. The evolution of the probability density for find-
the bottom of the funnel, but rather it is spread over alng the system in basins B and C first increases and then
broader region including conformations that are locatediecreases. In protein foldirtgas well as in general kinetics,
higher up on the PEL. this behavior is commonly referred to as evidence for a “ki-
The energy |andscape of A|d€|gs :l(a) and :Kb)] ex- netic intermediate.” However, one should note that the popu-
hibits a funnel with higher energy traps, manifesting populalation of basin B is quite negligible before reaching equilib-
tion at thermally induced depopulation of the global mini- rium and at equilibrium. This may indicate that basin C acts
mum at short timefFig. 3@]. On the other hand, the energy as kinetic intermediate, which plays a role in the folding
landscape of chrg-AlafFigs. Xc) and 1d)] is characterized Process, while pasin B i; an off .pathway ir_1termediate, which
by a single funnel, which acts as a siiflig. Ib)]. While the does not effectively participate in the folding process.
funnel shapes of Ala6 and of chrg-Ala6 result in a qualita-
tively similar pattern of saturation of the population prob-
abilities for the folding process, marked differences in theB- Projection of the probability densities on the
“folding” time scales, which originate from the specific fun- Principal coordinates
nel properties, are observed. The funnel of chrg-Ala6 is  To visualize the kinetics of the polypeptides it may be
deeper and narrower than that of Ala6 and its bottom is isouseful to project the evolution of the probability density onto
lated from the high-energy states by an energetic gap ohe first few principal coordinates obtained through the prin-
about 6 kcal/mol. In a folding process this energetic gap actsipal component analysisof each of the three systems. To
as a bottleneck which results in a longer folding time scalestudy the spatial and temporal propagations of the probabil-
for chrg-Ala6é as compared to Ala6. Thus Ala6 “folds” ity population distributions obtained by solving the master
within a few ns while chrg-Ala6é “folds” within a fewus  equation at 400 K for each of the three molecular systems,
(Fig. 3. Due to the high barriers, which separate the funnekelative to the underlying energy landscape, they were pro-
bottom on the chrg-Ala6 PEL from the rest of the system,jected onto the same two principal coordinatgs,andq,,
only these low-energy minima at the funnel bottom are popuused for charting the energy landscape of each sy§kign
lated at equilibrium. On the other hand, for Ala6, where nol). These two coordinates should be interpreted in the con-
significant barrier separates the low-energy states from theext of structural similarity, i.e., the closer two points are on
high-energy states, the population is distributed even ovethe (g;,q,) plane the more similar are the conformations
higher states, as seen by the fact that the accumulated prokepresented by them. For each molecular system five snap-
ability of all low-energy states near Ala6’s funnel bottom is shots are presented, starting with the initial population distri-
less than unity(Fig. 3). Accordingly, one may expect that bution, followed by three snapshots during the system’s ki-
with raising the temperature, the smearing of the populatiometics, and ending with a populatidalmos) at equilibrium.
will become more pronounced for Ala6, while for chrg-Alaé As before, initially only the five highest energy states on the
it will depend on whether the temperature rise will enable thePEL are populated. The five snapshots of the projected prob-
crossing of the gap between the funnel bottom and its higheability population for Ala6, together with its energy land-
part. The population of the higher part of the bottom of thescape in theq,;—q, plane, are presented in Fig. 4. These
funnel can also be seen by the probability flow profiles thaprojected probability populations illustrate that when the
first increase and then decrease with tifRey. 3a)]. highest energy states of the Ala6 energy landscape are popu-
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a

q; q;

FIG. 4. (Color) (a) A contour plot of the energy landscape of Alefee Fig. 1b)]. Figures 4b)—4(f) represent five snapshots of the probability populations
of Ala6 at 400 K projected onto the two first principal coordinates that defined its energy landscape. Only probability populations larger thansb®ft.ar
Low and high probability values are shown by blue and red, respectively.

lated[corresponding to small values qf, see Fig. 4a)], the  located at the bottom of the funnel energy landscape of Ala6
decrease in the probability population along the energy landwas  previously  observed for another peptide,
scape toward low energy states is very fast. The snapshots iabbutyryl{ala);-NH-methyl>” and provides an extension of
0.01 ns and 0.02 nig=igs. 4c) and 4d), respectively illus- the common funnel concept.

trate that many states with different energies and structures Five temporal snapshots of the probability population of
are populated and that the global minimum is characterizedhrg-Ala6 projected onto the two coordinates defining its en-
by the largest population. The folding process of Ala6 isergy landscape are shown in Fig. 5. Similar to Ala6, the
completed in a few nanoseconds, when the bottom of thenergy landscape of chrg-Ala6 is characterized by a single
funnel is entirely populated. The snapshottatl ns[Fig.  funnel such that during the “folding” kinetics the probability
4(e)] shows that toward equilibrium not only is the global of finding the system in the funnel bottom increases. How-
minimum populated, but so are other conformations that beever, the time scales associated with the kinetic propagation
long to the funnel bottom. The observation that the twoonto these funnel-like peptide energy landscapes are different
populated regions at=1 ns are distinct indicates that the for the two polypeptides. While Ala6 “folds” within a few
funnel bottom includes conformations with different struc-ns, chrge-Ala6é “folds” on a slower time scale of several
tural characteristics. This localization into small sub-basindundred nanoseconds. This result is somewhat nonintuitive
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FIG. 5. (Color) A contour plot of the energy landscag® and snapshots of probability populatiofis—(f) of chrg-Ala6. Notations identical to Fig. 4.

since it seems that the kinetics on rough, broad, and shallovandscape of cyc-Ala6. In agreement with Figc)3these
funnels results in a faster and more efficient folding processnapshots show that basin C is essentially an intermediate
than on the smooth, narrow, and deep funnel-like landscap®asin in the “folding” process of cyc-Alaé which is popu-
This observation can be rationalized by noting that chrgiated prior to the population of the native basin A. Thus the
Ala6’s funnel is characterized by a barrier of about 6 kcal/yinetics of cyc-Ala can be qualitatively described by a two-
mol that separates the “unfolded” and the “folded” states, giaqe process: the populating of basin C and its transition to
which is clearly seen in the topological map of this SySteMy asin A, which constitutes a slower step. Interestingly, one

[Fig. 1(c)] and is missing from the Ala6 landscapEig. . . . . )
1(a)]. Accordingly, the “folding” of chrg-Ala6 is dictated by ca;]r?l ott))ser-vect:hgt the popult?]Uon o.f i)asm 5’ If vek;y r.n|né)r-, L€
a bottleneck and thus results in slower “folding.” In addi- while basin & 1S an on-pathway intermediate, basin b 1S an

tion, one can also observe the different topography of th@ff-pathway intermediate. Solving the master equatio'n for
two funnels by the temporal evolution of the probability this system suggests that not all the pathways connecting the

population toward equilibrium. While the populated region unfolded manifold with the native state participate in the
of the Ala6 funnel is large, the corresponding region of chrg-folding process. Namely, the kinetic of cyc-Ala6 is simpler
Ala6 is smaller, indicating a narrower funnel. than the ones that might be expected from the three basins

Figure 6 shows the five snapshots of the probabilityenergy landscape. The time scale of the “folding” process of
population projected onto the coordinates defining the energgyc-Ala6 is about tens ns.
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FIG. 6. (Colon A contour plot of the energy landscaf® and snapshots of probability populatiofis—(f) of cyc-Ala6. Notations identical to Fig. 4.

C. Energy relaxation energyE; of each confirmation. Following Eq.(4) the time

The energy landscapes of the three alanine hexapeptid€yolution of this average energy can be expressed as,
studied here differ in their topologid§igs. 1a), 1(c), and
1(e)], topographiedFigs. 1b), 1(d), and 1f)], and in the
distribution of their barrier heightsFig. 2). Accordingly,
these molecular peptide systems may exhibit not only differ-
ent “folding” time scales, but also different kinetic mecha- Since, initially, only the five conformations with the
nisms. The nonuniform distributions of the barrier heightshighest energy values are equally populated, the initial aver-
across the range of barriers indicate that the “folding” kinet- age energy from which the relaxation profile of each system
ics of each system is a sum of multiple microscopic relax-starts is(E(t=O)>=2?:1Ei/5, and as time progresses the
ations, each with its own activation ener@ig. 2). To iden-  difference[{E(t))—(E)®Y] decays to zero.
tify the macroscopic kinetic behavior of a complex system,  The overall energy relaxations, represented by the aver-
one has to follow the evolution of the probability vector age energyE) as a function of time at different tempera-
towardsP®%. Here we choose to follow the relaxation of the tures for Ala6, chrg-Ala6, and cyc-Ala6 are shown in Figs. 7,
average energy{E)) during a downhill “folding” process 8, and 9. These relaxation profiles do not obey a single-
until it reaches the system’s equilibrium energy valie)®q. exponent relaxation, nor can they be well-fitted by a
This average energy is a weighted average over the potentiatretched exponential or a power-law function. Adequate fit-

(E()=2, EP()=(E)*+ 3, X EC'sfeM. (7)
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FIG. 7. The energy relaxation of Ala6 at 400(K), 500 K (c), and 600 K(e). The logarithmic derivatives of the relaxation data are plottetbjn(d), and
(f), respectively, and reflect the hierarchical behavior of the “folding” kinetics. The space between two successive\jumpsis indicative of the ratio of
the characteristic times of the two discrete time scales.

tings of the time evolution are given by using multiexponen-scale and the space between two successive humps,, ,

tial functions with different lifetimes;, i.e., (E(t)) is indicative for the ratio of the characteristic times of two
—(E)®9=3,A;e" Y7, with i=2, 3, or 4. This analysis indi- successive discrete time scafés.

cates that for each system the relaxation is a hierarchical N — log( /7)) )
process characterized by fgshort time scalesand by slow n+1n=109(Tn+1/7n)-

(long time scalesevents. As such, we applied the analysis  For the three polypeptide systems studied herein, the dy-
proposed by Metzler, Klafter, and Jortifeto explore hier-  namic complexity of the energy relaxation, manifested by its
archical relaxation processes. According to this analysis, thaonexponential character, is observed mainly at a low tem-
multiple down-cascading relaxation pattern of complex sysperature(400 K), and decreases at higher temperatures. The
tems can be observed by plotting the logarithmic derivativedetails of these energy relaxations are system dependent. The
of the data in respect to time versus the logarithm of thdogarithmic derivatives of the energy relaxation of Ala6 at
time. In doing so, a picture of oscillationisalled logarithmic  different temperatures indicates that these relaxations do not
oscillations emerges. Each hump represents a discrete timebey a single exponential function, rather they are composed

TABLE I. The multiexponential energy relaxation for the folding of hexapeptides. The ratios of the lifetimes
were obtained from the, ., parameters, Eq(8) and Figs. 7-9. The values in brackets are the ratios of
lifetimes obtained by the optimal multiexponential (6ee Table I).

Alab chrg-Alaé cyc-Alab
Tol7 T3/ 7y Tl T T3l7) T4l 73 Tl T T3/7y
400 K 9(5) 25 (24) 160 (126 480 (210 20 (26) 9(11) 725 (550
500 K 4(4) 4(7) 160 (165 450 (144 3(7) 260 (296
600 K 4(3) 160(182 180(84) 125 (100

Downloaded 05 Feb 2009 to 132.66.152.26. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 115, No. 22, 8 December 2001 Dynamics of hierarchical folding 10543
(a) g " (b)
304 2
%\ 400 K sz 400 K
g
ﬁ 201 V051
= o
A 10 S
v k5
hrd
T T T T T 'U '10 v T T T b T M T L T v
0.0 20x10°  40x10°  6.0x10° 8.0x10°  1.0x10° -1 0 1 2 3 4 5 6 7
=
304 {c) 5
= S00K]| - o
g A
% 20- v
(5] 1]
< A
{,3 104 5
v &
T L L L) %
0.0 5.0x10° 1.0x10° 1.5x10° 2.0x10°
~
o
30+ ) 1 f)
~ 600 K 82-‘\ 600 K
g &
@ 20 V05
-
Z\: 10- @
% &
T T . y T 5 -1.0 —
0 1x10* 2x10° 3x10* 4x10° 5x10° -1 0 1 2 3 4 5 6 7
t (ps) log(t/ps)

FIG. 8. Energy relaxation of chrg-Ala6. Notations as in Fig. 7.

of several discrete time scalffSigs. 1b), 7(d), and Tf)]. In  (7;~expE?/kT)). Accordingly, the larger effect will be
the kinetics of Ala6 at 400 K, one can identify three time manjfested for a relaxation channel with a larger barrier
scalegFig. 7(b) and Table J]. Different amplitudes for each pejght(long time scaleand the ratio between the character-
of the three relaxation time scales are manifested by the diftic times of two successive relaxations,, ;/7,, becomes
ferent hump heights. It should be noted thatl the slowest tim%,maller with increasing the temperatuf&ble ). At 500 K
scale does not appear as a shoulder and it can be approyjis relaxation of Ala6 still consists of contributions from
mated by the time where the logarithmic derivative decays Qhree single exponential decays, although the differences in

a very low value. The spaces 'between successive humps '"ime scales are considerably smaller than at lower tempera-
dicate that the fastest relaxation channel is nine-fold faster

than the second relaxation channel and that the latter is zggres. A similar behavior is observed at. 60(.) K, wheges.
fold faster than the slowest relaxation chansgle Table )l rather close tq-z and the energy relaxation is cha_lracterlzed
The values of the three decay lifetimes, which describe thgy only- two time scalesy, anq 7, (Table ). At this rela-
“folding” kinetics of Ala6 at 400 K, were obtained from tively hlgh temperature_, the time scale of the two slowest
fitting of the relaxation curve to a three-exponential function™él@xation channelgdefined by, and r3) collapse to a
(Table I). The ratios of the successive lifetimes. /7, single characteristic time and the joint relaxation channels
obtained from the multiexponential fit are clogaithin a have a larger amplitude in comparison to the amplitudes of
numerical factor of~2) to those obtained from th, ., the separated relaxation channel. In addition, the relatively
parametergTable |). ' small difference between, and 7, (7,/7,=4, see Table)l

The characteristic times, obtained from the multi-indicates that at higher temperatures the three time scales
exponential fit of the three relaxations, become shorter wittnay collapse into a single time scale and the resulting kinet-
increasing temperatur€Table Il). This observation is also ics would obey the simple relaxation function.
in accord with the shifting of the logarithmic derivative The energy decays of chrg-Ala6 at different tempera-
to shorter time values. The temperature dependence dfires and their logarithmic derivatives are shown in Fig. 8.
each characteristic times;, is governed by the effective As expected, at higher temperatures the system reaches equi-
barrier height,E”, as implied by the Arrhenius equation librium faster. Again, the logarithmic derivatives of the en-
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FIG. 9. Energy relaxation of cyc-Ala6. Notations as in Fig. 7.

ergy decays reveal their kinetic complexity. The energy rechannels into a single one; i.e., the “folding” of chrg-Alaé is
laxation of chrg-Ala6 at 400 K is characterized by four inherently hierarchical.

discrete time scale@able Il). For chrg-Ala6, in comparison A similar hierarchical dynamics is observed for cyc-Ala6
with Ala6, the ratio between two successive time scales igFig. 9). As for Ala6, the dynamics of cyc-Ala6 is character-
significantly larger, indicating a wider range of time scalesized at 400 K by three time scaléables | and I). In this
(Table ). Namely, the “folding” of chrg-Ala6 is more hier- case the ratios between the two successive time seales
archical than that of Ala6. With the increasing temperatureare closer to those for chrg-Ala6 than for Ala6. The relative
each time scale becomes shorter, as based on the Arrhenidéference in the time scales indicates that the “downbhill
equation, which results in a smaller ratio between two sucdynamics” of cyc-Ala6 should be considered as a hierarchi-
cessive time scales. At 600 ¥ and 7, collapse and thus the cal process even at elevated temperatures.

relaxation is not characterized by four channels but rather by  The logarithmic oscillatory behavior of the three systems
three discrete channels. However, since for chrg-Ala6 thénferred from the logarithmic derivative analysis is important
time scales are significantly different, increasing the temin order to extract the minimal number of relaxation channels
perature is not expected to result in the collapse of the fouinvolved in the decay of the hierarchical process. This infor-

TABLE II. The decay lifetimes,r; (in ns) obtained from the optimal multiexponential fit of the relaxation
curves of each polypeptide at 400, 500, and 600 K. The number of exponents involved in each fit was
determined by the logarithmic oscillations behavisee Table )l

Alab chrg-Alaé cyc-Ala6

T1 Ty T3 T Ty T3 Th T1 Ty T3

400 K 0.024 0.12 2.83 0.0031 0.39 82 2110 0.0053 0.057 31.4
500 K 0.0071 0.026 0.18 0.0026 0.43 62 430--- 0.0051 151
600 K 0.0037 0.011 --- 0.0017 0.31 26 - 0.0018 0.18
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a. Ala6 b. chrg-Ala6 c. cyc-Ala6

" . Sl [ al 400 K

FIG. 10. (Color) Projections of the equilibrium probability populations at 400—600 K for AB6chrg-Ala6(b), and cyc-Ala6(c). Notations identical to Fig.
4. Blue areas indicate low probability and red area indicate high probability.

mation is crucial prior to any multiexponential fit of the representing the probability population &t-. The pro-
time-dependent data. Moreover, the estimates of the ratio gécted equilibrium probability distributions for Ala6 at differ-
two successive characteristic times,,,/7,, using the ent temperaturefFig. 10a)] demonstrate that as the tem-
An+1n Parameters may serve to evaluate the initial values operature increases from 400 K to 600 K, it becomes easier to
the multiexponential function. The values ef. /7, ob-  cross high barriers leading to higher energy states, which are
tained from the\ , ; , parameters and from the values of the located at high regions of the landscape, being populated at
decay lifetimes obtained from the fits of all the threeequilibrium. The Ala6é equilibrium energy valuegE)®q,
hexapeptides are clog€able |). The differences between the manifest at different temperatures the system’s tendency to
™1/ T, Values obtained by the two calculations may origi- populate higher energy states with the increasing temperature
nate from the low sensitivity ok, parameters or from (Table Ill). In contrast to the smearing of the population
the involvement of possible additional relaxation channelsprobability, with increasing the temperature on the energy
whose detection was hampered due to their partial overlafandscape of Ala6, such an effect is not observed for chrg-
with other logarithmic oscillations.

D. Equilibrium probabilities TABLE IlI. The equilibrium potential energy valug@ kcal mol™?) of the
three polypeptides.

Figure 10 shows projections of the equilibrium probabil-
ity distribution calculated for the three molecular systems at Ala6 chrg-Ala6 cyc-Alab
400, 500, and 600 K. The equilibrium probability popula- (E)ed (E)e (E)ee
tions of Ala6, chrg-Ala6, and cyc-Ala6 are projected onto the
two principal coordinatesq; andq,) used for charting their 00 K li';i g'_seé cl)ié
energy landscapes. For each peptide these projections gg, 17.06 0.86 3.90
complementary to the five snapshots shown in Figs. 4—6
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Ala6, at least at this temperature range, because the funn@l 10°, respectively, and reflects the hierarchical characteris-
that characterizes its energy landscape is deeper and naies of the kinetics. Although the kinetics for all three sys-
rower, effectively acting as a trap. The valuegBj®‘reflect  tems can be described by several discrete time scales, the six
that there is almost no change in the equilibrium populatiororders of magnitude difference between the fast and the slow
probabilities of chrg-Ala6 with the increasing temperaturetime scales of chrg-Ala6 suggests a more pronounced hierar-
(Table 1l). Very high temperatures are required to escapehical character for this system. Indeed, in a previous study
from this funnel to the higher energy “unfolded” states. Fi- of these molecular systems, using an order parameter as the
nally cyc-Ala6 exhibits a temperature effect similar to thatreaction coordinate, it was suggested, only for the “folding”
observed for Ala6. As the temperature increases, more higlef chrg-Ala6, that it occurs via two sequential stages and not
energy states become populated, although their populatioms a competition between parallel single-step pathways.
remains small in comparison to that of basin A. Interestinglycreasing the temperature resulted in the collapse of two re-
the most stable “folded” basins of chrg-Alaé and of cyc- laxation channels into similar time scales and, consequently,
Ala6 continue to act as the dominant populated state even #te kinetics becomes less hierarchical. While the kinetics of
high temperatures, while the native basin of Ala6 is lesghe flexible polypeptide Ala6 at 400 K is characterized by
populated at higher temperatures and the “unfolded” stateshree time scales, its kinetics at 600 K is described only by

become favorable. two similar time scales, which at even higher temperatures
seem to collapse into a simple exponential relaxation. In con-
IV. CONCLUSIONS trast, the kinetics of the constrained peptides, cyc-Ala6 and

chrg-Ala6, are inherently hierarchical and their “folding”

The interrelationship between “folding” kinetics and the hould be d ibed b ltinle ti | high
corresponding multidimensional potential energy Iandscape§ ou e described by multiple time scales even at hig

was explored for three alanine hexapeptides using the masti§mperatures.
equation approach. To help visualize the kinetics of the
polypeptide, the time evolution of the probability density AckNOWLEDGMENTS
was projected onto the first two principal coordinates ob- '
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