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Energy landscapes of conformationally constrained peptides
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Conformation constraints are known to affect the flexibility and bioactivity of peptides. In this study
we analyzed the effect of conformation constraints on the topography of the energy landscapes of
three analogous hexapeptides. The three analogs vary in the degree of constraint imposed on their
conformational motion: linear alanine hexapeptide with neutral termi@ss6), linear alanine
hexapeptide with charged terminathrg-Alag, and cyclic alanine hexapeptideyc-Ala6). It was

found that significantly different energy landscapes characterize each of the three peptides, leading
to different folding behaviors. Since all three analogs would be encoded by the same gene, these
results suggest that nongenomic post-translational modifications may play an important role in
determining the properties of proteins as well as of their folding pathways. In addition, the present
study indicates that the complexity of those energy landscapes that are dominated by funnel
topography can be captured by one or two reaction coordinates, such as conformational similarity
to the native state. However, for more complex landscapes characterized by multiple basins such a
description is insufficient. This study also shows that similar views of the landscape topography
were obtained by principal component analydiased only on local minimaand by topological
mapping analysighased on minima and barrier informatjoBoth methods were able to resolve the
complex landscape topographies for all three peptides20@1 American Institute of Physics.

[DOI: 10.1063/1.1329646

I. INTRODUCTION model proteinlike systems. In particular, in many lattice
studies it was found that a single variable, which is defined

Peptides and proteins are complex molecular systemss the “fraction of native contacts’Q, can be used as a
with distinct stable three-dimensional structures, which areeaction coordinate that well describes the folding prodess.
the key for understanding their biological function. TheseThis Q variable, which has a value near zero for the highly
structures are determined by the underlying energy landdenatured conformation and reaches unity for the native
scape, which in turn is a consequence of the molecule’s constate, describes the progress of the folding reactions in mod-
position. Therefore, the study of protein energy landscapes igls such as the 27-mer model on a cubic latfiélowever,
the context of protein folding has long been a central topic othere are cases where a single progress variable su@hisas
both theoretical and experimental investigatibnBxperi-  not sufficient to distinguish trajectories that fold directly to
mental evidence concerning the complexity of protein energyhe native state from those that go through intermediate
landscapes has been obtained, for example, through the otvaps® For example, for a 125-residue model more than one
servation of a multiplicity of relaxation times, the various progress coordinate was required to describe the folding
intermediate species, the nonexponential kinetic, and thprocess. The coordinates that were found suitable to de-
non-Arrhenius behavict. Most notable are the extensive scribe the folding process in that system monitor the forma-
studies of the kinetics of CO binding to myoglobin per- tion of the core and the trapping of the chain in long-lived
formed by Frauenfelder and collaboratdrs.The obtained intermediate states. In cases of complex energy landscapes it
results have been explained in terms of a hierarchy ofvas found that to study protein folding a kinetic reaction
minima that are thought to be arranged in tiers correspondingoordinate was more useful than a thermodynamic reaction
to their energy levels. coordinate(such as the abov@ variablg 210!

Theoretically, polypeptide energy landscapes have been Recently the study of polypeptide energy landscapes has
studied using both simplified models and all-atom simula-shifted towards more detailed atomistic simulations. How-
tions, with the resulting landscapes being characterized in aver, unlike simplified models in which extensive enumera-
variety of ways using order parameters, geometrical meation of all possible states is possible, such full enumeration is
sures, and topological connectivity patterns. Simplified modnot practical for most atomistic polypeptide modé&xcept
els, originally on-lattice and more recently off-lattice, havefor the smallest peptidgsThe reason is that similar to the

been extensively used to study the energy landscape @¢al system the atomistic models exhibit an extremely large
number of local minimdlocally stable conformationseven
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lar systems. Atomistic simulations that focus on the analysis
of energy landscapes vary both in sampling strategies and in
analysis techniques. For example, Sheinerman and
Brooks>!* have used extensive all-atom simulations to
sample and to characterize the energy landscape of two small
proteins. The underlying landscape was then described in
terms of two order parameters: one quantifying the collapse
of the protein and the other reflecting similarity to the native
state(equivalent to the&Q-order parameter used in simplified
model studies Becker and Karplus and Levy and Becké?

used a topological analysis to generate disconnectivity tree-
constructs that reflect the overall topography of the energy oL
landscapes of several peptides, highlighting basin connectiv-

ity (thiS method was later applied in a similar way to atomicFIG. 1. Schematic illustration of conformation sampling of a molecular
potential energy surface. Conformations are sampled at high temperatures

and mOIeCU_Ig‘g clusters  as . W]é”‘l% I?»e_rry and where barrier crossing can easily occur and are then minimized to the near-

collaborator§’?3constructed specific connectivity pathways est local minimum or slowly annealed back to room temperature before

to characterize the energy landscape of several clusters, digeing minimized to the nearest local minimum.

tinguishing between good and bad structure seekers. Finally,

the principal component analysis was used by several groups

to visualize both molecular dynamics trajectoffed’ and - MAPPING ENERGY LANDSCAPES

energy landscapes of peptides and prot&n¥ The notion of energy landscapes has an established con-
Related to the general question of protein folding aretribution to the understanding of the reactions dynamics of

numerous examples in which seemingly small changes in themall molecules? In recent years the energy landscape con-

chemical composition of a molecular system result in largecept, especially that of the proposed funnel topography, has

structural and/or functional changes. Examples are the onsBgcome more prevalent in the discussion of protein folding,

of a disease due to a single point mutatiag., prion raising a controversy regarding its actual contribution, as

disease®), metabolic pathway activation following the bind- most protein folding experiments can be described by simple

36
ing of a small ligand to a receptor, and changes in the molWo- Or three-state modefs:*It should be noted, however,

lecular bioactivity as a result of seemingly small com‘orma-that _the terr_n energy Ia_ndscape IS sometimes used_for the
. . ; . multidimensional potential energy surface that underlies the
tional constraints. Therefore, the mechanism by which smal

|
molecular modifications, such as point mutations or geomet-

molecule’s conformation space, and sometimes for its free
) } : , . energy profile. In the present study the focus is on the poten-
r_|c co_nstra_unts, affect the l_3|olog|cal _prop_ertles. of pc_mlypep-tia| energy surface. In general, potential energy landscapes
tides is of interest for chemists and biologists alike. Since the.;, pe studied on two detailed levels. On the first detailed
energy landscape underlies the structural, thermodynamigaye| the energy landscape is characterized solely by the set
and kinetic properties of any molecule, this question can bgf |ocally stable conformations, i.e., by the local minima
reformulated in terms of the energy landscape theory: “Howonly. This approach was introduced by Stillinger and
do small molecular modifications affect the energy landscap&/eber’ and later applied by many
of peptides and proteins?” A preliminary study by Levy and researchers?1424:25.28:31.3438-4ha pasic idea is to collect a
Beckef® has indicated that the overall topography of thelarge sample of conformations, minimize each of them to the
energy landscape changes as a result of a conformation conearest locally stable minimum and use these local minima
straint. Another study by Becket al®* showed that quanti- to characterize the landscape. Figure 1 schematically repre-
tative analysis of conformation space can be directly correSents a process by which sampled conformations are
lated with bioactivity of therapeutic peptides. quenched to the'lr.nearest local minimum. Based on these
The goal of the present study is to characterize the effect@mpled local minima the energy landscape underlying the
of conformation constraints on the topography of moleculafMolecule can be reconstructed. While such reconstructions
energy landscapes. To address this question the atomic-leJéf‘n _shed light on the topogra_phy_ of the energy I_andscape
. . asins, roughness, etdhey miss important ingredients—
energy landscapes of three alanine—hexapeptide analogs . 4 o
were reconstructed and analyzed. The three peptides studi(rarge .barrlers or saddle points that separate the m@wdugl
. o . . inima or basins. For example, in the landscape depicted in
were the linear(Ala)s, the, !lnear (Ala)g with opp03|.te Fig. 2(a) basing has lower energy compared to that of basin
charges at th€- and N-termini, and the backbone cyclized y, but the transition from basig to the native basin is
(Ala)e. Several different analysis techniques were used tQqgwer than the transition from basinto basina, due to a
highlight various aspects of the landscapes: connectivity, tohjgher barrier separating them. This important feature, which
pography and order parameters. It has been shown thatgbverns the system kinetics, is not reflected in the minima
consistent and comprehensive characterization of these eBased picture of the energy landscépeg. 2a)].
ergy landscapes can be obtained by integrating the different On the second more detailed level of description one
views. may add barriers to the characterization of the energy land-
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a sampling procedure was appli&**First, conformations

are sampled from a high temperature molecular dynamics
trajectory at 1000 K. Then each of the sampled high tem-
perature conformations is gradually annealed down to 300 K
(using molecular dynamigdefore being quenched by direct
minimization. The annealed and minimized conformations
constitute the conformation sample of that molecule. The
gradual annealing guarantees that the resulting conforma-
tions will indeed be on the 300 K manifoldle., are acces-
sible at 300 K, while the high temperature sampling allows
us to cross high-energy barriers and sample broad regions of
conformation space. The choice of the 1000 K sampling tem-
perature was based on earlier studies, which indicated that
the undesirableis—trans transitions of the peptide bond oc-
FIG. 2. (a) lllustration of the view of the energy landscape that can be cur at higher sampling temperatufés.

obtained from information regarding the local minima ofright) compared Technically, each sampling procedure starts with a 500

with the full energy landscapédeft). (b) lllustration of the much richer . ] .
picture of the same energy landscape that can be obtained by im‘ormatiolaS molecular dynam|cs trajectory at 100Qs{mulated using

regarding basin connectivity added to the previous minima-only based view? fS timesteps Conformations are sampled along the high
temperature trajectory every 1 ps, resulting in a total of 500

conformations. Short molecular dynamic trajectorisisnu-

scape. Such a detailed representation, however, is computiated at 1 fs timestepsare then applied to cool each of the
tionally much more demanding. Several researchers haveigh temperature conformations down to 30@tEmperature
followed this type of energy landscape analysis for smalldecreases at 100 K stgp&ollowing the cooling phase each
peptides and clustef§:1719-212941L4Fiqyre 2b) illustrates  structure is minimized by a combined protocol consisting of
the resulting view of the energy landscape. The informatior200 steepest decent steps followed by adopted basis
retrieved this way not only reveals that baglis less acces- Newton—RaphsofABNR) minimization until a total gradi-
sible than basiry, due to the higher energy barrier separatingent of 0.01 is reached. The representation of the molecular
it from the global minimume, but it also contains all the dynamics and the various energy calculations were per-
information necessary for a complete reconstruction of thdormed with the CHARMM prograff and the CHARMM
system’s kinetics by means of the master equatida**Re-  all atom forcefield"™> No explicit water molecules were in-
cently Becker has combined the two mapping approaches/uded, no energy cutoffs were applied and a distance depen-
integrating data from local minima as well as from barriers,dent dielectric constant was used.
to obtain a detailed energy landscape for a derivative of the Conformation samples constructed in the above way are
alanine tetrapeptid®. likely to include some similar conformations. While these

Clearly, not all energy landscapes will exhibit a signifi- may be important for reflecting conformational probability
cant difference between the view obtained when using locadlistributions, they are redundant as far as the energy land-
minima only and the view obtained via the analysis of barrierscape’s topography and topology are concerned. Therefore,
connectivity(as suggested by Fig).ZThere are likely to be in the present study the conformation samples are pruned,
many systems in which identical pictures will arise from removing conformations exhibiting high similarity. As will
both analyses approaches. However, at present there is nage discussed below, this pruning allows for a more efficient
enough knowledge to predi@ priori which energy land- landscape analysis without affecting the results.
scape will show a discrepancy between the two viewpoints
and which will not. In this work the issue of multiple view- B. Molecular systems
points of the same potential energy landscape is explored.

A"4
(04

Three alanine hexapeptide analogs were studied.
(i) Alaé—alanine hexapeptide with neutral terminal groups,
1l. METHODS (i) chrg-Alaé—alanine hexapeptide with a positive charge at
the N-terminus and a negative charge at tBeerminus,
(i) cyc-Alab—a backbone cyclized alanine hexapeptide.

As a full enumeration of all the possible conformations The initial conformations used in the sampling process of
of a hexapeptide is impractical, a sampling procedure musAlaé and chrg-Ala6é were the fully extended conformations.
be applied in order to generate a representative sample of thiéhe initial conformation for cyc-Alaé was an extended con-
molecule’s conformation space. Many methods are availabléormation that was backbone cyclized and minimized until it
for sampling molecular conformations, each harboring adassumed a reasonable starting cyclic conformation.
vantages and limitations. They should therefore be applied This set of three alanine hexapeptide analogs was se-
according to their suitability to the problem at hand. Thelected because of the dramatic difference in the degree of
sampling procedure adopted for the present study stems frooonformational constraints imposed on their internal flexibil-
the tendency to get as broad a view as possible of the maty. In particular, these molecules span a broad spectrum
lecular energy landscape accessible to the molecule at physanging from a completely unconstrained analog, linear
ological temperatures. To accomplish this goal a two-stefAla6, to a maximally constrained analog, cyclic Ala6, in

A. Conformation sampling
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which the covalent bond between the two terminals restrictgoints and the distancetﬁm) calculated in then-dimensional
its flexibility. The third analog, chrg-Ala6, reflects an inter- subspace is given by

mediate point between these two extremes. This spread of
analogs is expected to allow one to study the effects of con- m )

straints on the energy landscape of this hexapeptide. In ad- average errct 1— > )\i=<di2j—d§jm> )i » (€N)
dition, the inclusion in this study of the highly constrained k=1
cyclic analog, along side the unconstrained analog, allows UShere

to address an issue relevant to drug discovery. It is wellpe onsemple. A detailed study of several peptide systems
known that cyclization is often employed in drug discoveryy s shown that in many cases the first few principal axes
to reduce the flexibility and increase the bioactivity of pep- g nresent the multidimensional data to accuracy greater than
tide drug candidates. 70%3 It should be stressed that, even if the two- or three-
dimensional subspaces represent the original distances only
to 40% or 50% accuracy, the effective accuracy is higher
than predicted by Eql). This is because the average accu-

A problem inherent in polypeptide conformation spacesracy is skewed by a relatively small number of poorly rep-
is their extremely high dimensionality. A molecule Wfat-  resented points, while the majority is represented at accuracy
oms has 8l degrees of freedom, and its corresponding conievels greater than 40% or 50%, respectively.
formation space islS-6 dimensional. As a result, even rela- A key element in the principal coordinate analysis is the
tively small molecules have very large conformation spaceshoice of distance measure used to construct the distance
(more than 100 dimensions for the alanine hexapeptide anaratrix A. Studies have shown that the choice of distance
logs studied hepe It is clearly not practical to chart molecu- measure, e.g., a Cartesian distance or a distance in dihedral
lar energy landscapes in the fulN36 dimensional space. angle space, has a significant effect on the resulting
Luckily, in practice, a much smaller number of dimensions isprojection®®=32|n the present study the distance between any
sufficient to capture the essential information required fortwo conformations is measured as the root mean square dis-
energy landscape map making. This is achieved by projectance(rmsd in Cartesian coordinates. The rms distanige
ing the full multidimensional space on an appropriately lowbetween conformationisandj of a given molecule is defined
dimensional subspace. Reducing the dimensionality of mulas the minimum of the functional
tidimensional conformational spaces can be obtained by
principal component analysi®CA).24-26:28-31:34,46-50 \/1 " 0 e

The PCA variant applied in this study was the so-called ~ i = Ngl ric’ =% @
principal coordinate analysi®CoorA originally developed
by Gower>! In general, PCA projects thex m data matrix ~ where N is the number of atoms in the summation and
M (a distribution ofn points in anm variable spaceon a (") r{) are the Cartesian coordinates of atkin conforma-
transformed axes set in which a low-dimensional SubSpaC&onsi andj, respectively, The rms distances are typically
containing most of the relational information about the origi- calculated based either on the backbone atoms or on all the
nal distribution can be identified. In the context of conforma-nonhydrogen atoms in the molecule.
tional analysis this matrix holds a set of conformations When PcoorA is applied to a single molecljét needs
described by the pointsPi(di1,0i2,---.0im) N an  to be supplied with the upper diagonal distance matvjx
mrdimensional conformation space. However, while theHowever, when conformations of two analogous molecules
standard PCA operates on the squarem M™M matrix,  are to be compared with each other, it is essential that they
known as the “covariance matrixC, reflecting the relation- be projected together onto ttsamesubspace. In order to
ships between theoordinates the PCoorA operates on the project the conformation ensembles of two related mol-
squarenxXn MM T matrix known as the “distance matrix” ecules) andm, onto the same subspace the “cross”-distance
A, reflecting the relationships betweeonformations This  matrix A,,, must be calculatedin addition to the two self-
matrix is transformed into a centered matrix which is thendistance matricgs The elements of the rectangula,
diagonalized. The resulting eigenvalug®rmalized give  “cross” matrix are the distances between all conformations
the percentage of the projection of the original distributionof moleculel and all conformations of molecufe. Thus, to
on the new set of coordinates, and the eigenvedraled  obtain a joint projection of moleculelsand m PCoorA is
by their corresponding eigenvalyegive the coordinates of applied to the combined distance matbx
the original data points in the new axes fraffié!>?

One of the advantages of PCA in general is that the Ay Ay
normalized\; eigenvalues, associated with each principal “lo Ay
axis (eigenvector, are directly related to the average error
associated with the projection. Principal axes are sorted aavhere A, and A,, are the upper diagonal “self’-distance
cording to their normalized; eigenvalues. The larger the matrices and\,, is the rectangular “cross” distance matrix.
eigenvalue, the more efficient is the projection onto thes@he size of the joinD matrix is (h+n')X(n+n’), with n
axes(reflecting a large variance for the data in the 1D pro-conformations of moleculé andn’ conformations of mol-
jection). When projecting onto the firsh principal axes, the ecule m. Equation(3) is easily extended to any arbitrary
average deviation of the actual distandg between data number of analogous molecules.

(-++)ij is the average over all possibledistances in

C. Principal coordinate analysis

3
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(A) (B) pattern of their own. In the case of a completely rough land-
scape no significant branch will be detected in &¥d)
graph.

In principle, a topological map is generated on the basis
of information regarding direct barriers, i.e., barriers con-
necting neighboring minima. When working with conforma-
tion samplegversus a full enumeration of all local minima
the definition of direct barriers has to be extended. To com-

03 pensate for missing data, indirect barriers along paths con-

necting sample points that are not strictly neighboring are

o taken into account, i.e., minima separated by other minima

R@y | Rep | Rep 9 that are not included in the conformation sgmple. These iq—
direct barriers are taken as the highest point along a multi-

FIG. 3. Schematic representation of topological mapping of an energy |andbarrier least energy path Connecting two Samp|e points_ In

scape.(A) '_I'he energy landscape is gtudied at different ener@ieEgch this study the conjugated peak refinement algorithm of

energy region of connected conformations, denoted as a superRigsii, .

is mapped to its lowest minimure. (B) The corresponding topological Fisher and Karplui$ has been used to calculate these least

disconnectivity tree graphGE(®), reflects the way super-basins become energy paths. It is worth mentioning that with 500 conforma-

disconnected as the energy decreases. tions a staggering number of about 125000 barriers have to
be calculated. Fortunately, the number of barrier evaluations
may be significantly reduced without affecting the results.

D. Topological mapping First, the conformation pruning, as described above, already

reduces the number of pathways to be calculated. Further-

more, it is reasonable to assume that indirect barriers be-
veen conformations that are very far apart on the energy
andscape will hardly contribute to the connectivity pattern.
hus, a distance criterion can be imposed to refrain from
calculating barriers between conformations that are too far
away from each other. Re-evaluating the alanine—
tetrapeptide topological map as computed by Becker and

Topological mapping, which was introduced by Becker
and Karplu$® and rests upon the connectivity pattern im-
posed by the energy barriers, characterizes the overall topo
raphy of complex energy landscapes. Using informatio
about the barrier this method partitions a conformation spac
into energy basins, highlighting their interconnectivity. An
elementary basirR(a) on the energy landscape is a con-

nected set of molecular conformations that, when minimizedK LS5 it be sh that th ¢ di it
map to a common single local minimum. Topological map- arpius” it can be shown that the correct disconnectivity

E i )
ping groups these elementary basins according to the barrief§@PnG=(®) is reproduqed even Wh?” only as litle as the
between them. At any energy levelor temperature level) neares't 50%. of the bgrrlers are re.ta|r}ed. Shorter cutoffg re-
this procedure partitions the multidimensional landscape imgultegl na disconnectivity graph with mcqrrect connectivity
super-basinsRE(«a’), defined as the union of elementary or missing features. Applying the cc_;mblned procedure O.f
basinsR(a) connected by barriers lower than enefgyor ~ Pruning and cutoffs to the hexa-alanine analogs resulted in

temperaturel). Each such super-basin is then mapped to it b(_)Ut 20000 barrier evaluations whe_n generati_ng the topo-
lowest minimume’ in a way analogous to simulated anneal- ogical map of Ala6, about 5500 barrier evaluations for the

ing [Fig. 3A)]. As a result minima connected by barriers topological map of cyc-Ala6, and about 2000 barrier evalu-

lower thanE are grouped together and separated from otheftions for chrg-Alas.
minima to which they are connected by higher barriers. Aly. RESULTS AND DISCUSSION
topological disconnectivity graph is obtained by following
the way these super-basins break up as the system’s elBerg
decreases. Each node on this grdpiig. 3B)] reflects a A problem common to all sampling procedures is the
conformational super-basin on the landscape, and the coulifficulty to assess their thoroughness. Regardless of the
necting edges reflect the basin connectivity. The topologicasample size and the procedure used, there is always a ques-
mapping method resembles to the Lid method, which wagion regarding how representative the resulting conformation
independently developed by Sibani and Stha®in their  sample is. In particular, it is important to know whether all
study of the energy landscapes of crystals and glasses. accessible regions in the conformation space were sampled
An important feature of topological mapping is that the or whether some regions remained unvisited.
resulting disconnectivity tree-grapG=(®) [see, for ex- In this section a new way is proposed to address this
ample, Fig. 8)] reflects in a straightforward way the over- fundamental question of sample quality, namely an evalua-
all topography of the energy landscagpe As discussed and tion of sampling overlaps. Let us assume that two conforma-
illustrated in the above-mentioned paper by Becker andion samples of the same system were generated by two dif-
Karplus!® a tree-graph reflecting a funnel topography will be ferent sampling protocol&.g., different initial conditions or
characterized by a single main branch with many small sidelifferent methods If it could be shown that two different
branches that do not show further branching. On the othesamples overlap and occupy the same region in conformation
hand, the tree-grapB&(®) that corresponds to a landscape space, this would indicate that the conformation search had
characterized by several large competing basins will exhibitndeed been exhaustive. On the other hand, a clear indication
several large branches, each exhibiting a complex branchingf incomplete sampling is if the conformation samples do not

yA. Quality of sampling
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FIG. 4. Joint projection of two different Ala6 conformation sampleach consisting of 500 conformationsnto the best principal three-dimensional
subspace, shown as three two-dimensional pli@gs(b), and(c)]. Each point represents a single conformation, where circles denote conformations from one
conformation sample and triangles from the other one. The energy profiles of the two conformation samples are al&h.sFusvapparent overlap between

the two conformation samples indicates that the conformation sample covers the whole available conformation space.

overlap. The evaluation of the overlap between the two conprincipal axis, although some mismatch can be noted in this
formation samples can be done with the aid of principalcase. Figure @) shows that the energy profiles of the two
component projections through a joint projection onto thegroups of sampled conformations are also very similar. Thus,
same low-dimensional principal subspdésy. (3)].3* In the it can be concluded that the two conformation samples ex-
case of incomplete sampling the two conformation samplesibit a high level of overlap, indicating that the sampling
will have little overlap(if any) in the projected subspace. procedure used was well suited to cover the peptide’s con-
The sample overlap approach was used to check whethéormation spacgnamely, those regions accessible at 1000
the sampling procedure used in this study had indeed bedf). Since the linear Ala6 clearly has the largest conformation
exhaustive. Two conformation samples of linear Ala6, 500volume of the three hexapeptides studied here, it can be as-
structures each, were generated using the procedure dsdmed that the same sampling method will also be appropri-
scribed above, but starting from different initial structures.ate for the other two conformationally more restricted mol-
One sampling trajectory started from an extended peptidecules, cyc-Alaé and chrg-Ala6. Consequently, a single 500-
conformation, while the other trajectory started from an al-conformation sample seems to be sufficient to represent the
most cyclic conformation of the linear peptide. A 1000 conformation spaces of these two peptides as well.
X 1000 joint distance matrix of the two conformation
sampleg Eq. (3)] was constructed using all-atom Cartesian
rms distances, with PCoorA applied to it. The first three
normalized eigenvalues of the joint projection were 21%, The three conformation samples described above inevi-
12%, and 7%, indicating that the accuracy of the best jointably include groups of similar conformations, which are re-
3D projection is about 40%. Figure 4 shows the three 2Ddundant as far as constructing the underlying energy land-
cross sections through this best joint 3D projection of thescape is concerned. As discussed above, by applying a
two conformation samples. Each point in the projection is adistance criterion similar conformations are pruned from the
single peptide conformation. As can be seen, the overlaponformation sample. Two conformations are defined as be-
between the two conformation samples along the first anihg similar if the all-atom Cartesian rms distance between the
second principal axeavhich reflect the largest variances  two is smaller than a given cutoff distance. This distance was
very high. A high level of overlap is also seen along the thirdset to 1.5 A for Ala6é and to 0.9 A for cyc-Ala6 and chrg-

B. Conformation samples reduction
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FIG. 5. Principal coordinate projections of full and reduced conformation samples of three alanine hexapeptide (@nhdlbgsfull sample of Ala6 500

conformations versud) the reduced conformation sample of Alaé 280 conformations. The(sigimdicates those conformations in the full sample that were

retained in the reduced sample. Platgsand(d) show the full and reduced conformation samples of cyc-AE® vs 148 conformationsPlates(e) and(f)

show the full and reduced conformation samples of chrg-A&® vs 86 conformations

Ala6. After removing the redundant conformations the di-by side the best two-dimensional PCoorA projections of the

luted samples included 280 distinct Ala6 conformations, 148ull and the reduced conformations samples of the three pep-
distinct cyc-Ala6 conformations, and 86 distinct chrg-Ala6 tides. A separate projection was constructed for each full or
conformations. In all cases the pruned conformations werdiluted sample. Projections of full samples were based on the
very similar to other conformations, both in structure and inoriginal 500< 500 distance matrices, while projections of the

energy. The energy differences between similar conformaeliluted samples were based on the corresponding smaller
tions were below 0.8 kcal/mol for Ala6, below 0.2 kcal/mol distance matrices, depending on the size of the reduced

for cyc-Ala6 and below 3.2 kcal/mol for chrg-Alaé. sample. For the full samples, the 2D subspaces of the con-

To verify that the pruning had not affected the quality of strained peptide&cyc-Ala6é and chrg-Alapwere accurate to

the samples, PCoorA was used to compare the conformatior0% and 80%, respectively; with the corresponding 3D pro-

coverage before and after the reduction. Figure 5 shows sidections accurate to 80% and 85%, respectivabcording to
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backbone distances comparispr@nly the projection of the strained analogs are of similar size and exhibit significant
unconstrained peptide, Ala6, was of lower accuracy amounteverlap indicates that they share similar conformational
ing to 40% and 45% for the 2D and 3D projections, respecproperties. Specifically, both favor closed circular structures
tively. The fact that the low-dimensional Ala6 projection was with short distance between amino-acids 1 and 6, which are
less accurate means that its effective conformation space lrought about either by a covalent bofy/c-Ala6) or by
more isotropic than its constrained analog and that it requirestrong electrostatic attractidichrg-Alag.

additional dimensions for a more accurate description. The To quantify the conformation volumes accessible to each
validity of the sample reduction procedure was confirmed byhexapeptide analog a 3D ellipsoid is fitted around each con-
the fact that the accuracy of the reduced projections was veriprmation sample. These ellipsoids are based on 3D covari-
similar to that of the corresponding full projections. Similar- ance matrices in the joint projected 3D subspace. Assuming
ity to the full samples of the constrained peptides, the twothat the contribution of the higher principal dimensions di-
dimensional projections of their reduced samples were veryinishes rapidly and that their contribution to all three con-
accurate (68% for cyc-Ala6, 79% for chrg-Ala6é while  formation volumes is similar, comparing these 3D volumes
much less accurate for the reduced Ala6 santipldy 32%  should be quantitatively similar to comparing the full acces-
of the full variance is captured in this 2D projectjofrigure  sible conformation volumes. Furthermore, the logarithm of
5 also clearly shows that for all three molecules the reducethese volumes should be roughly proportional to the confor-
conformation samples overlap very well with the original mational entropy?° The 3D ellipsoid volumes thus calculated
full samples, indicating that the reduction does not adverselpf cyc-Ala6, chrg-Ala6, and Ala6 are 0.68, 1.42, and 18.73

affect the quality of the sample. A3, respectively, which is equivalent to volume ratios of 4%,
8%, and 100%it is however reiterated that the quality of the

C. Effect of constraints on conformation space projection from which these volumes are derived is only

volume 60%). This means that the conformation constraints imposed

jon cyc-Ala6 and chrg-Ala6 reduce the accessible conforma-
(T)ion space to a fraction of its original size. Not surprisingly,
cyclization reduces the conformation volume even more than

The volume in conformation space accessible to a mo
ecule at a given temperature varies from one molecule t

another, reflecting their flexibility. Therefore, conformation . troducing two terminal ch © e i
constraints that reduce the flexibility of the molecule alsg/ntroducing two terminai ¢ argefor a system in a vacuum

decrease the size of this volume. Since both the cyc—AIaé-he_Iatter retains a certaighough small gmount of confqr- :
(through cyclization with a covalent bond between the twomation freedom between the two terminal groups, which is

termini) and the chrg-AlaGthrough a strong charge-charge comXIe_ter lOtSt ?y the |rt1tro<fjl:r?tlc_)n_ otf a gov?lenF bt?]n?'
interaction between the termjnare conformationally con- N important property of the joint projection is that con-

strained analogs of linear Ala6, the accessible volumes “I]ormations(points) close to each other in the projection are

their conformation spaces are expected to be smaller tha%onformationally similar, while conformationgoints that

those available to the unconstrained peptide analog. How?'® mapped into different parts of the projected subspace are

ever, a question that so far eluded quantification is to Wha(fonformatl?nally d|ffr$rent.t_§|gure |7 shows th:jeelconf;)rma- h
degree their conformation volume is reduced. This stud);'ons’ one from €ach peplide analog, mapped close 1o eac
shows that a combination of sampling and joint principaIOther in the region where the three conformation volumes

coordinate projection offers a direct way to quantify the ef_ovgrlap. _Th(_a cqnformatlonal 5|m|lar|ty between the three is
fect of conformation constraints on the conformation vol-€Vident indicating that the conformations of chrg-Ala6 and

ume. In a separate study Becker, Levy, and Ravitz havé‘yc'A|a6 are qgite similar. Figurg 8 shows the mqst stable
shown that these conformation volumes can be used quan a6 cpnformatlon that has mhehcal character. T.hls con-
tatively in a QSAR formulation to predict the bioactivity of ormatlorj was m?‘ppe‘?' outside the overlap region O.f the
conformationally constrained analoifs. three eII|p§0|ds since it doe; not have counterparts in the
A gquantitative comparison of the conformation Volumesconformatlons of the constrained molecules.
accessible to the three alanine hexapeptides was obtained By Minima-based Vi f th land
jointly projecting the three conformation samples onto the™ iNima-based View ot the energy landscapes
best joint 3D subspace. Figuréap shows the resulting joint Adding energy to the above principal coordinate projec-
3D projection, which is based on backbone rms distancegions allows for charting and visualizing the energy land-
and allows intermolecular comparisons since all three molscape of these peptidés®! Figure 9 shows the principal
ecules share a common backbone. This joint 3D projection isvo-dimensional projections of the conformation spaces of
quite accurate, representing all distances to an average acdhe three peptide analogs arranged according to the energies
racy of 60.7%. The ellipsoids shown in Fig.b are of their local minima. Each small rectangle, or slab, in this
sketched to highlight the volumes occupied by each peptidégure is a full principal 2D projection plane on whidnly
analog. Two properties are clearly seé@n:As expected, the those conformations that have energy within a given energy
two constrained analogs occupy significantly smaller conforrange are indicated. The first rectangle at the bottom includes
mation volumes than the conformation volume associatethe lowest energy conformations. The next rectangle depicts
with the unconstrained analog Ala6, afit the conforma- the same 2D plane on which only conformations in the sec-
tion volumes occupied by these two analogs are comprisednd energy range are shown, and so forth. For Ala6 and
within the conformation volume of Ala6. Furthermore, the cyc-Ala6 the energy scald=igs. 9a) and 9b)] was divided
fact that the conformation volumes accessible to the two coninto 2 kcal/mol slabs, while for chrg-Ala6 the slab width was
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FIG. 6. () Joint 3D projection of the molecular conformation spaces of the three alanine hexapeptide analodsgédaés cyc-Ala6 (triangles, and
chrg-Ala6(circles. (b) Representation of the ellipsoids that enclose the conformation volumes of the three peptides in the projected 3D(AldsSpte

line, cyc-Ala6: intermediate line, chrg-Ala6: heavy lin&he reduction in conformation volume of the Ala6 peptide upon introduction of the constraints
(cyc-Ala6, chrg-Ala$ is clearly evident.

3 kcal/mol (resulting in 13, 7, and 13 energy slabs, respecthe underlying basin structure revealed in this way. Accord-
tively). The mean energy in each slab is indicated in the rightng to these maps which, as already indicated, are based only
corner of each rectangle. Finalizing this issue, Fig. 9 in itson local minima, the energy landscape of Ala6 is dominated
entirely yields quantitative maps of the three energy landby a broad and deep basin, which looks like a broad funnel
scapegto the accuracy of the PCoorA projectiontf all the  [Fig. 9@)]. The landscape of chrg-Ala6 is also dominated by
rectangles in Fig. 9 were to be rotated by 90° and thera single basin, which in this case is much deeper and nar-
stacked one on top of the other, a 3D view of the landscapeower than the one characterizing Al@Big. 9c)]. Finally,
would have resulted. The dashed curves in Fig. 9 highlightyc-Ala6 shows a very different energy landscape that in-
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a A

well and indicates that no single basin dominates the energy
landscape of cyc-Ala6. On the other hand, the three basins
pointed out in Fig. &) are clearly observed in the 3D visu-

alization. Figure 10 also shows that all three energy land-
scapes exhibit a significant amount of roughness. In particu-
lar, the bottom of the energy basins is characterized by many

‘ splits, indicating that the native structure of each peptide is
- an ensemble of conformations and not a single well-defined
e structure. Recalling the definition of foldabilify as the ratio
L between the depth of the funnel and the roughness of the
landscapé® it can be concluded that among the three pep-
tides studied here chrg-Alaé exhibits the highest degree of
foldability (namely, it can get to its folded native structure

FIG. 8. The most stable conformation of the linear peptide, Ala6. This

structure has am-helical character and is located outside the region of

overlap of the three ellipsoids.

of chrg-Ala6. It also shows a split at the bottom of this deep
C

very quickly), Ala6 has a smaller degree of foldability, while
cyc-Alab is characterized by a low value Bfindicating that
no specific minimum has a significant advantage over the

other.
FIG. 7. Conformations of the three hexa-peptides situated closely to each

other in the overlap region of the small ellipsoitfsig. 6): cyc-Ala6 (a),
chrg-Ala6 (b), and Ala6(c). The three structures are closely packed, reflect
the nearest points on the projections and characterize conformations with

§in_1i|ar geometry. Moreover, i; is shown that the linear peptide,AIaG@as Energy landscapes are inherently multidimensional and
'Sr:rﬁztﬁ?g?;g?haet:&r_] space region of closed structures even though its StablFequire high-dimensional representations in order to visual-
ize them. However, in the absence of other tools, much of
the current discussion is formulated in terms of a single order
cludes three competing basins, none of which dominates thgarameter, tacitly assuming that a one-dimensional reaction
landscapéFig. 9b)], with energy gaps between the deepestcoordinate is sufficient to represent the kinetics of protein
basinA and basind®3 andC being only 2 to 4 kcal/molthe  folding. The order parameter most commonly used in such
separation between basthandC is along the second prin- studies isQ, which reflects the fraction of native contacts in
cipal axis. any given conformatiohr? Q equals 1 for the native structure
An alternative representation of the landscape, which ignd is smaller for all other conformations. This order param-
also based on local minima only, is the minimal energy en-<eter has been used in many lattice folding studies as well as
velope representatiott.In this approach the energy envelope in some all-atom simulatiorfs]*>*®although other order pa-
underlying the 2D principal projection is calculated and pre-rameters have also been sugge§@d3°"°%As these order
sented as a 3D topographical m@pe minimal energy en- parameters are assumed to be proportional to the energy, it is
velope is similar to the dashed curve in Fig. igure 10 interesting to explore to what extent such an order parameter
shows the three energy landscapes obtained by the minimegally correlates with the real multidimensional energy land-
energy envelope procedure. The resulting 3D surfaces higtscape.
light the topographical features observed in Fig. 9. Figure  The order parametd is usually defined as the fraction
10(a) shows the broad funnel-like basin of the Ala6 energyof native contacts present in any conformati@=1 is the
landscape. Figure 16) exhibits an extremely deep and nar- native conformation This definition is clearly suitable for
row basin, which completely dominates the energy landscapsimplified lattice models where contacts are easily defined.

%. Order parameter and the energy landscapes
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FIG. 9. Principal two-dimensional projections of the conformation spaces of the three peptide-analogs separated according to the energaswhimalo

(a) Alab, (b) cyc-Ala6, andc) chrg-Ala6. Each rectangle layésiab is the molecule’s principal 2D projection plane on which only conformations with energy

at a given energy range are shown. The first rectangle from the bottom includes the lowest lying conformations, the next rectangle depicts thesame 2D pl

on which only conformation in the second energy range are shown, and so forth. The mean energy of each slab is indicated at the top-right corner of each
rectangle(grouped in ranges of 2 kcal/mol for Ala6é and cyc-Ala6, and 3 kcal/mol for chrgjAkso shown for each slab is the average value of the order
parametep (see text The dashed lines highlight the underlying basin topography. The energy landscapes of Ala6 and of chrg-Alaé show a single deep basin
each, while the landscape of cyc-Ala6 includes three competing bdssssB and C are separated along the second principal)axis

For off-lattice model studies, as well as for all-atom simula-the dihedral angles into thee60° range around the native
tions, the definition of native contacts becomes imprecise. lvalue. Using this measure the native conformation has the
their extensive analysis of all-atom simulations Sheinermaivalue ofp=0 andp increases as the conformations becomes
and Brook$>'* introduced a related but continuous orderless nativelike.
parameterp, which weights the fraction of native contacts To see whether the order parametedefined in Eq(4)
according to the actual distance between a set of predefinabrrelates with the energy landscapes, the average order pa-
contact pairs(p=0 for the native conformation For the rameterp) over all the conformations at each energy slab in
smaller peptides studied here even the Sheinerman arftlg. 8 was calculated by
Brooksp order parameter is not directly applicable, because
there are no real tertiary native contacts in hexapeptides. In-
stead, an analogous continuous order parameter is defined to
characterize to what extent a given str_uct_ure is_ naFiV?Iikewhere Ng is the number of statetconformations in the
The new order parameter, denoted ®jo indicate its simi- energy sla{ilc, defined as

. . . E>
larity to the Sheinerman and Brooks measures nativeness
based on the dihedral angles that characterize the native {i}g={i|[E—AE<E,<E+AE}
structure. The order parametefor conformationi is calcu-
lated as

1
<p>E=N—E{iE} p(i), (5)

(6)

and has a width of RE around its median valug; (AE
=1 kcal/mol for Ala6 and cyc-AlaBAE=1.5kcal/mol for
chrg-Alag.

Figure 11 depicts the average values calculated over
all conformations within a given energy slab, according to
Eqgs.(4)—(6), versus the median potential enefgpf each of

M
pli)=2, |67~ 6]"|/60, (4)

where Gfa“"e is the value ofjth dihedral angle in the native
conformation,aj(') is the value of thgth dihedral angle in the these slabgsee Fig. 8 The native conformation has a value
ith conformation and the summation is over llidihedral of p=0 andp increases as the conformations become less
angles. In the present application the summation is over theativelike. Also indicated in Figs. 11 is the variability of
10 backbone dihedral anglesand . In other applications individual p values within each energy sldHefined by the
side-chainy angles may also be included in the summationstandard deviationFor linear Ala6 the average order param-
of Eq. (4). The division by the factor of 60 qualitatively bins eter(p), as well as the individual values, gradually decrease
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the energy landscape of alanine tetrapeptideigure 11a)

a ‘-'ﬁ”’:/f:‘:;':' also shows that the level of roughness, represented by the
,.‘./A\\’ﬁ" variability of individual p values within an energy slab, is
20 v"yﬁ") almost constant throughout the funnel. For all but the lowest
A‘A‘/’A‘/ two energy slabs, this variability is abott0.12 around the
= 15 TVVN average(p).
% An even stronger correlation between the order param-
£ 1o eter(p) and the energy landscape funnel is observed for chrg-
3 ‘ Alab6 [Fig. 11(c)]. This molecule, which is characterized by a
l%’ deeper and narrower funnel than Ala6, also exhibits a stron-
ger decrease with energy of the average order parafgter
than Ala6. For chrg-Ala6 the average value of the order pa-

rameterp decreases from 0.74 all the way to 0.01, indicating
that all conformations at the bottom of the narrow funnel are
highly nativelike. The kink at=7 kcal/mol is due to the
very small number of conformations in this slab. In addition
to the decrease itp), Fig. 11(c) shows also a decrease in the
variability of individual p values with decreasing energy.
This observation indicates that, in addition to being deep and
narrow, the chrg-Ala6 funnel also becom&nootheras the
energy decreases.

In agreement with the previously made observation, the
correlation plot in Fig. 1(b) indicates that the energy land-
scape of cyc-Ala6 is significantly different from that of the
other two peptides. In this case, with decreasing energy,
there is practically no decrease, in the average order param-
Mmoo eter, a_nd<p)_ stays close tq)=0._7 all the way down. A lo-

"cioel 4 @) T ond principal AXis () calization, first neap=0.8 (basinsB and C) and then aip

~0 (basinA), is observed only at the lowest energies. The
reason for the higHp) values at basin8 and C is due, of
course, to the definition gb as measuring the similarity to
the lowest energy conformation in basin A qualitatively
similar picture would result ip were to be defined relative to
basinB, with basinA conformations yielding higlp values.

Summing up, the results show that for the two hexapep-
tides that exhibit an overall funnel topography, the effective
order-parametep seems to be in good agreement with the
multidimensional energy landscapes.

Energy (kcal/mol)

Energy (kcal/mol)

F. Folding pathways

Even though the conformation samples generated for the
present study were not obtained via folding simulations, but
rather through a sampling procedure, their distribution indi-
FIG. 10. Three energy landscapes obtained by the minimal energy envelop%?tes_ acceSSIbl_e reglqns in conformation space and_ thus
procedure(see text, for Ala6 (a), cyc-Ala6 (b), and chrg-Alac). The two  Nighlights effective folding pathways. To check for possible
principal axes indicate conformational similarity and the vertical-axis re-pathways connecting the unfolded manifold of states with
ﬂe_c@s the relative energy._The Iaqucape is based on the energies of the logpa global minimum(representing here the native shate
minima only (the connecting barriers are not shown scheme similar to that used by Sheinerman and BrgdRs

was adopted. The three conformation samples were projected

onto a plane defined by two order parameters. One order
as the energy decreagdsdg. 11(a)]. Namely, moving down parameter ip, reflecting the degree of similarityn dihedral
into the native basin the internal structure of the conformaangle$ to the native structure. The second order parameter is
tions gradually becomes more nativelike. This quantitativethe backbone root mean square distafreesd, here mea-
observation supports the hypothesized correlation betweesured in A between each conformation and the native state,
order parameters such &sor p and the potential energy. reflecting primarily the degree of collaps$ia this respect it
The relatively large value ofp)~0.4 present at the lowest has a similar role to the radius of gyration in globular pro-
energy slab indicates that even at the bottom of the funneking. If the conformation samples were to fully represent
there is still a large degree of structural variability. This ob-the Boltzmann weights in each region of the plane, the re-
servation is in accord with previous observations regardingulting plot would constitute a full description of the folding
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FIG. 11. Averag€p) order parameter values versus potential energy values for the three hexapeptidésa), Ag6-Alaé (b), and chrg-Alagc). Each point
indicates the averagg) calculated over all conformations within a given slake Fig. 9. The native conformation has a value@ 0 andp increases as
the conformations become less nativelike. The horizontal error bars indicate the variahdigured by the standard deviajiofiindividual p values within

each energy range. The gradual decrease of the order paramétbrdecreasing energpbserved for Alaé and chrg-Alagndicates a funnel-like landscape,
in agreement with Fig. 9. Cyc-Ala6 does not show this behavior.

pathways. However, since the sampling procedure used ithe two order-parameters are strongly correlated. This means
this study has not been designed to characterize Boltzmarthat for this molecule the order parameter would make a
weights, the resulting pathways, while suggestive and indicagood effective reaction coordinate, capturing most of the sys-
tive, are not necessarily complete. tems kinetics. Of special interest is the gap seen between the
Figure 12 depicts number-density contours resultingoulk of unfolded states o(>0.4) and the native statep(
from projecting the three full conformation samples on the~0), which probably arises from insufficient sampling in
“two order-parameter” plane defined hy (indicating simi-  that region. This insufficient sampling may indicate that the
larity to the native conformatiorand on rmsdindicating a  main barrier separating the folded babirirom the unfolded
collapse towards the native structur@he three frames of basinU is in the region characterized hyvalues between
Fig. 12 show that a different type of folding pathway and0.1 and 0.3. It is interesting to note that in folding simula-
folding kinetics characterizes each of the three peptides. Fdrons of a 27-mer lattice model of a polypeptide the transition
linear Ala6 Fig. 12a) reveals a two-statd — N type folding  region was found to be close to the native stat® atilues of
pathway(whereU stands for unfolded anll stands for na- 0.7 to 0.9, whereQ measures the percentage of native
tive). The single diagonal arrow in Fig. (& indicates that contacts:® Since the discret€) values are equivalent to the

5 b. cyc-Ala6 c. chrg-Ala6

10

FIG. 12. Projection onto a “two order-parameter” plafase rmsd of the full conformation samples of the three hexapepti@®sAla6, (b) cyc-Ala6, and(c)
chrg-Ala6. Thep axis indicates the degree of similaritiyn dihedral anglesto the native conformation. The rmsd axis indicates a collapse towards the native
structure(all atom rms distance in Cartesian spacehe contours indicate the number density of sampled conformation at each point on this plane. Even

though the projected conformations were not generated via folding simulations, their distribution highlights effective folding pathwaysicathema
illustrated by the arrows.
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continuous % p, the barrier in those lattice simulations is at bution of the local minima. The resulting description, while
p~0.1-0.3, similar to the outcome for Ala6. very informative, is still incomplete because it does not take
A more complicated folding pathway is observed forinto account the distribution dbarriers which connect the
chrg-Ala6 [Fig. 12c)]. For this molecule the “two order- local minima. These barriers define the actual kinetic con-
parameter” plot indicates a three state folding pathway ofectivity of the landscape, determining which transition
the typeU—I1—N, wherel is a nonnative collapsed inter- pathways are accessible and which are not. The method of
mediate. The first leg of the pathway, represented by theopological mapping described above was developed to ana-
vertical arrow(rmsd values from 2.5 A to 1.0 A at a constant lyze that type of overall barrier connectivity, which is spe-
p value close to 0.5 is a collapse phase characterized by acific to each energy landscafpin the context of the present
rapid ring closure, brought about by the two opposite termistudy it is worthwhile to compare the picture that emerges
nal charges that strongly attract each other. This intermediatigom the barrier-based topological analysis with the views
state is non-native ap~0.6. Following the collapse the obtained from studying the distribution of local minima. In
backbone dihedral angles continue to rearrange until the ngarticular, the disconnectivity graphs characterizing the three
tive conformation is reache@hdicated by the second arrgw  hexapeptide landscapes should be compared with their prin-
The observed three-state process also indicates that ngithegipal coordinate projectiongFigs. 9 and 1pand with their
nor rmsd can be used as a single effective order parameter ¢haracterization using the effective order parameper
describe the folding of chrg-Ala6. In this case the folding (Fig. 11).
kinetics requires at least two order parameters for an ad- To calculate the topological disconnectivity graphs of
equate description. It should be stressed that the observefe three Ala6 analogs the two dilution processes described
three-state behavior does not necessarily indicate a stabig Sec. Ill were used. First, conformations exhibiting high
intermediate at the non-native collapsed state. It may well bgimilarity were removed from the sample and then a distance
that the collapsed state is a necessary on-pathway conformgonstraint was imposed to refrain from calculating barriers
tion but it does not constitute a stable intermediate, so thgbetween minima that are too distant on the energy landscape.
the overall kinetics may still obey the two-statt—N  For the molecules studied here the distance criteria were 3.5
scheme. The present analysis was unable to resolve the tWotor Alas (compared to a maximal distance of about 6)2 A
possibilities. 2.2 A for cyc-Ala6(maximal distance about 3.5)4nd 2.7
Finally, for the cyc-Alaé system Fig. 1) points to @ A for chrg-Ala6 (maximal distance about 3.9)AThese cri-
folding mechanism different from the previous two. Unlike teria ensure, on an average, that for each local minimum, the
the single pathways that seem to characterize both #4da6 parriers to most of its neighboring minima are calculatee
two-state mechanisjrand chrg-Ala6(a three-state mecha- pearest 50% of all minima at leastComplying with the
nism), for the cyclic analog cyc-Ala6 we observe three com-ghove criteria about 20000 barrier evaluations were per-
peting folding processes. The different pathways originat§ormed to generate the topological map of Alaé, about 5500
from the unfolded manifold) but proceed to different native 5, cyc-Ala6 and about 2000 chrg-Alab.
statesNy, N;, andN; respectively, the three processes being | a previous study it has been shown that the discon-
U—N;, U—=Ny, andU—Ns. The first native statdl, can  nectivity graphs of Alaé and cyc-Alaé differ significantly
be identified with basim and is characterized by p=0  fom each other, demonstrating the dramatic effect of con-
value. The second native std can be identified with ba-  t5rmation constraints on the topography of the molecular
sinC, which has an averadp) value of 0.670.12(wherep  gnergy landscaplé.As seen in Fig. 1G) the disconnectivity
is defined relative to the lowest minimum in bag\t The  granh of linear Ala6 depicts a single dominant branch re-
third folding process into thdl; state, which corresponds 0 fig¢ting a simple funnel topography. Each node reflects bar-
basinB, cannot be resolved in this plot. This is due to theyje s that split a basin into its disconnected sub-basin com-

fact that its averagép) value (relative to the lowest mini-  ,ohents Following the graph from the top down, only simple
mum in basinA) is 0.86+0.07, similar to the order param-  gpjiting is encountered from the main branch to discon-

eters characterizing the unfolded manifald The pathway nected, mainly high-energy, conformatioriglthough a

into basinB would be easily observed jf was to be calcu-  gjngje |ow energy conformation also becomes disconnected
lated relative to the structures characterizing b&sior B. fairly high up in the trep Still, near the bottom of the graph

. Figure 12b) indicates that even the two observed fold- ., sy jitting pattern becomes more complicated, indicating a
ing pathways cannot be resolved along the one-dimensiona|

, ; , cher structure of the landscape near the bottom of the fun-
p order parameter coordinate. This means that while eac

Co . . . i el. Furthermore, Fig. 18) also indicates that the energy
'”d'V"?'“f"" pathway 1 well described 'by the smgia:oo'rdp' landscape of Ala6 has a fairly constant roughness over a very
nate, it is not sufficient for representing the overall kinetics.

broad range of energy levels. This property is reflected in the
At least one additional coordinat@nd possibly morneis g 9y property

disconnectivity graphs by the similar number of minima that
required for a full analysis of the kinetics. In fact, relying on ! VI grap y m " n

. . . o ._branched off from the main branch at the different energy
a single order parameter in this case is likely to lead to INayelslt

correct conclusions. Thus, both the topological analysis and the minima-

based analysis give rise to a picture of Ala6é’s energy land-

scape as being dominated by a single funnel. A different
The above analysis of energy landscape topography anguestion is whether the effective order parametewhich

folding pathways is based on the energies and spatial distrseemed to be correlated with the minima-based picture, can

G. Landscape topology and connectivity
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FIG. 13. (a) The topological disconnectivity graph for Ald6ee text and(b) the averagép) values for each branch of the disconnectivity graph, displayed
on an identical horizontal axis. Both graphs indicate a single dominant funnel on the energy landscape of Ala6.

capture the descent into the main funiiedflected by the [Fig. 15a)]. The disconnectivity graph of cyc-Ala6 splits
disconnectivity graph To answer this question the avergge into two additional basins at a barriers height of 12 kcal/mol.
value was calculated for each branch of the graph. Figur&@he main branch, denoted as baginincludes a group of
13(b) shows the averagép) values for each branch of the minima connected by 5 kcal/mol barriers and is separated
Ala6 disconnectivity graph, displayed on a horizontal axisfrom the rest of the system by barriers in the range of 10-12
identical to the one used for the disconnectivity grply.  kcal/mol. Basind andC appear as two branches that, unlike
13(a)]. It becomes clear that the average values of the most other branches, continue to split after being discon-
conformations that part away from the main funnel graduallynected from the main basin. Compared to basithese two
decrease as one proceeds down into the funnel, indicatingasins show more gradual internal splitting patterns with bar-
that the conformations gradually become more similar to theiers on the order of 7—10 kcal/mol. It is interesting to note
native state. The strong correlation between the disconnethat on this energy landscape the roughness is restricted
tivity pattern and the averag@) values indicates that for mainly to a narrow energy range in the vicinity of the barri-
Ala6 the energy landscape is indeed governed by a singlers that split the landscape into three competing basins. The
large funnel and supports the effectiveness of the order pazonfunnel multiple basin character of the cyc-Ala6 landscape
rameter as a sufficient reaction coordinate. is also seen in the corresponding averggevalues depicted
Figure 14 depicts the disconnectivity graph and averagé Fig. 15b). The averagép) values decrease only once the
{p) value per branch for chrg-Ala6. As with Ala6 the graphs peptide reaches the edge of basinwhile the other two
are highly correlated and show a single dominant funnebasins have much highép) values.
structure. This funnel is deeper than that of Ala6, in agree-
ment with the previous observations. It is interesting to not
that the disconnectivity graph of chrg-Alaé shows a gap beey' CONCLUSIONS
tween the unfolded high energy statesdes above 20 kcal/ In this paper an analysis was made of the topography of
mol) and the nativelike low energy conformatiofisodes three alanine hexapeptide analogs: linear alanine hexapeptide
below 14 kcal/mol. This gap, which represents a steep lo-with neutral terminals(Ala6), linear alanine hexapeptide
calization on the energy landscape, is reflected by a plateawith charged terminals(chrg-Alag and cyclic alanine
in the averagép) values and then followed by a sudden drop hexapeptidgcyc-Ala6). These analogs differ in the amount
towards the native state. This structure is probably associatesf constraints imposed on their conformation flexibility.
with the two-step folding pathway that was observed on theNhile the motion of the linear peptide with uncharged ter-
“two order-parameter” projection of Fig. 12. minals is essentially unconstrained, adding opposite charges
Finally, the disconnectivity graph clearly indicates is  at the two terminals forces the molecule into a cyclic confor-
indicated by other approaches jdbat the energy landscape mation (in vacuum, thus significantly reducing its range of
of cyc-Alaé6 is very different from the other two hexapeptidesmotion. The constraint on the motion becomes even stricter
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FIG. 14. Similar to Fig. 13, for chrg-Ala6. Both graphs indicate a single dominant funnel on the energy landscape of chrg-Ala6.

when a covalent bond is introduced between the two termifound that the three analogous peptides are characterized by
nals of the peptide, forming the conformationally restrictedsignificantly different energy landscapes. While the energy
cyclic analog. The present study has shown that the effect dandscape of Ala6 is that of a broad and rough funnel, and
these conformation constraints on the energy landscape thtite energy landscape topography of chrg-Ala6 that of a deep
underlies the chemo-physical properties of these peptidesnd narrow funnel, the energy landscape of cyc-Ala6 is char-
can be quantified and compared. In particular, it has beeacterized by three competing basins. The differences in en-
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FIG. 15. Similar to Fig. 13, for cyc-Ala6. The graphs indicate that the energy landscape of chrg-Alaé does not exhibit a funnel structure, but rather
incorporates three competing basins.
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