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ABSTRACT: The microscopic interactions and mechanisms leading to nascent protein folding events are 
generally unknown. While such short time-scale events are difficult to study experimentally, molecular 
dynamics simulations of peptides can provide a useful model for studying events related to protein folding 
initiation. Recently, two extremely long molecular dynamics simulations (2.2 ns each) were carried out 
on the pentapeptideTyr-Pro-Gly-Asp-Val [Tobias, D. J., Mertz, J. E., & Brooks, C. L., I11 (1991) Biochemistry 
30, 605440581 that forms stable reverse turns in solution. Tobias et al. examined folding events in this 
large system (- 30 000 conformations) using traditional methods of trajectory analysis. The shear magnitude 
of this problem prompted us to develop an automated approach, based on self-organizing neural nets, to 
extract the key features of the molecular dynamics trajectory. The neural net is used to perform conformational 
clustering, which reduces the complexity of a system while minimizing the loss of information. The 
conformations were grouped together using distances in dihedral angle space as a measure of conformational 
similarity. The resulting clusters represent “conformational states”, and transitions between these states 
were examined to identify mechanisms of conformational change. Many conformational changes involved 
the rotation of only a single dihedral angle, but concerted angle changes were also found. Most of the 
conformational information in the 30 000 samples from the full trajectories was retained in the relatively 
few resultant clusters, providing a powerful tool for analysis of an expanding base of large molecular 
simulations. 

As computer technologies advance, increasingly longer 
molecular dynamics and Monte Carlo simulations are achiev- 
able. Currently, the longest molecular dynamics simulations 
have extended into the nanosecond range (Soman et al., 1991; 
Tobias et al., 1991a). It is becoming essential to develop 
methods which reduce the complexity of data resulting from 
these long simulations while retaining the relevant information. 
Although techniques for analyzing dynamical motion within 
dynamics trajectories are well developed (e.g., correlation 
analysis, Fourier transforms), self-similar conformations 
within a trajectory have traditionally been identified by time- 
consuming frame-to-frame graphics analysis. Our goal is to 
develop an automated means of identifying recurring con- 
formations within dynamics trajectories, which can subse- 
quently form a framework for analyzing stabilizing interactions 
and conformational transitions. 

Statistical clustering techniques are well suited to objectively 
organize trajectory data. These methods classify initially 
unclassified data and have been used in many fields to discover 
the underlying structure in complex data. Numerical tax- 
onomy was the first field to widely use clustering, constructing 
binary trees to describe evolutionary relationships between 
species (Everitt, 1980). Nonhierarchical clustering methods 
that find a single, optimal partition of data based on a set of 
target criteria (e.g., number of clusters, cluster size) have also 
been developed (Duda & Hart, 1973; Everitt, 1980). These 
methods have an advantage over many hierarchical techniques 
in that data can be optimally reassigned after initial assignment 
to a cluster. 
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Clustering techniques have been previously used in the 
analysis of conformational data, particularly in identifying 
recurring conformations in folded protein structures, obtained 
from X-ray diffraction data (Karpen, 1992; Rooman et al., 
1990; Unger et al., 1989). Nonoptimized classification 
methods have also been used to group conformational data. 
For example, classes of minimum energy configurations 
obtained in a conformational search of helices have been 
extracted (Polinsky et al., 1992). Classification of dynamics 
trajectorydata hasbeencarriedout byMcKelveyeta1. (1991), 
who grouped conformations of a peptide by assigning each 
residue to a region of the $-+ map, following earlier ideas of 
Zimmerman et al. (1977). Levitt (1983) grouped confor- 
mations from a molecular dynamics trajectory of the protein 
FTI, after projecting the conformations onto a 2-D surface. 
These analyses have motivated our current use of optimized 
clustering to analyze long trajectories from molecular sim- 
ulations, where “redundant” conformations in a trajectory 
are grouped together, thereby allowing us to examine tran- 
sitions common to many dynamics frames. 

As a prototype system, we explored clustering algorithms 
applied to data from a long molecular dynamics simulation 
by Tobias et al. (1991a) of the pentapeptide Tyr-Pro-Gly- 
Asp-Val (YPGDV). Some experimental evidence suggests 
that in globular proteins secondary structure forms early during 
the folding process (at less than millisecond time scales) and 
segments of secondary structure or microfolding domains then 
coalesce to form tertiary structure (Dobson, 1991; Kim & 
Baldwin, 1990, and references therein). Since initial protein 
folding is presumably a local event, peptides can be used as 
a simple model system for studying secondary structure 
formation. NMR studies have shown that the YPGDV 
pentapeptide forms relatively stable reverse turns in solution, 
with approximately 50% of the population in a type I1 turn 
(Dyson et al., 1988). To identify conformational transitions 
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potentially important in the initiation of protein folding, as 
well as the time scales of these events, Tobias et al. (1991a) 
investigated the dynamical behavior of Y PGDV via molecular 
dynamics in explicit solvent. Two 2.2-ns trajectories were 
carried out, one with the peptide initially in a type I1 turn (the 
“turn” trajectory) and a second with the peptide initially in 
an extended conformation (the “extd” trajectory). Confor- 
mations were stored every 0.15 ps, and reverse turn formation 
and dissolution were observed (Tobias et al., 1991a). 

Close to 15 000 conformations were saved in each of the 
two simulations, and several conformational transitions oc- 
curred. Thus, this data set is a good test case for automated 
analysis via clustering techniques. In this paper, we present 
results from clustering both the turn and extd trajectories of 
Tobias et al. (1991a), using a nonhierarchical clustering 
method, ART-2’ (Carpenter & Grossberg, 1987; Pao, 1989), 
tocluster conformations in the full parameter space of dihedral 
angles. This method is stepwise optimal and locates clusters 
in conformational space so as to minimize the distance between 
the conformations within a cluster and the cluster center, i.e., 
the average cluster conformation. We examined the cluster 
centers to identify interactions which stabilize peptide con- 
formation, and mechanisms of turn unfolding and folding were 
inferred from transitions between the clusters. As a visual- 
ization tool, we projected the clusters onto a 2-D surface, 
using multidimensional scaling. The utility of the clustering 
method was assessed by comparing our results from cluster 
analysis to those obtained by Tobias et al. (1991a) using 
traditional analyses of dynamics trajectories. 

METHODS 
Molecular Dynamics. Molecular dynamics (MD) simu- 

lation methods were used to generate the peptide conformations 
we analyzed. We briefly describe the MD simulation protocol; 
details can be found in Tobias et al. (1991a). The peptide 
(YPGDV) was initially built in an ideal type I1 turn and 
equilibrated in a dielectric continuum (e = 50) for 150 ps (all 
simulations were performed at 300 K). It was then solvated 
in a 29-A box of TIP3P water molecules (Jorgensen et al., 
1983). Using periodic boundary conditions, an MD simulation 
was carried out for 2.2 ns, yielding the turn trajectory. The 
extd trajectory used the same protocol, except the peptide 
started in an extended conformation, with backbone dihedral 
angles equal to those of an ideal parallelB strand. The peptides 
were built with charged N- and C-terminal groups (NH3+ 
and C 0 1 ,  respectively) in accordance with the peptide used 
in the experiments of Dyson et al. (1988). 

Clustering Algorithm. ART-2’ is a nonhierarchical clus- 
tering algorithm based on a self-organizing neural net 
(Carpenter & Grossberg, 1987; Pao, 1989). We chose this 
algorithm to cluster the conformations by structural similarity 
rather than a hierarchical method both because it produces 
a single, optimized partition of the trajectory data and because 
much less memory is required in its implementation. ART-2’ 
optimizes cluster assignment subject to a constraint on cluster 
radius, such that no member of a cluster is more than a specified 
distance from the cluster center. This optimization is carried 
out as an iterative minimization procedure that minimizes the 
mean-square error between the cluster center and the cluster 
members. Alternatives to the radius constraint, such as 
constraints on the number of clusters, are found in other 
clustering algorithms (Duda & Hart, 1973); we have chosen 
cluster radius because the number of clusters is not known a 
priori and because we expect the natural clusters to be of 
similar extent in conformational space. 

We now describe the ART-2’ algorithm in detail. A 
conformation, j, is described as a vector of N parameters, xj 
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= [xlj, ..., X N ~ ] ,  €or example, dihedral angles or atomic 
coordinates. Cluster k, ck, is characterized by its cluster 
center, ck = [ C l k ,  ..., C N k ] ,  which is the average conformation 
of its M members, that is 

1, 
c, = - xj 

M X , E C h  

If the xj contain angle data\, the summation is adjusted to take 
into account angle periodicity. Conformation j is compared 
to cluster center k by the Euclidean distance djk 

where (...)T denotes a vector transpose. 
The criteria for clustering is that all conformations in a 

cluster must be within a specified threshold distance, or cutoff 
radius, from the cluster center. The algorithm compares each 
conformation xj to the set of all cluster centers, using eq 2, 
and the cluster ck with the minimum d,k (i.e., the closest 
cluster) is determined. If the distance from the conformation 
to cluster ck is within the cutoff radius, the conformation is 
assigned to that cluster. When the distance exceeds the 
threshold, the conformation forms a new cluster. In the initial 
“learning” phase, cluster centers are recalculated as each new 
member is added. In subsequent “refining” phases, cluster 
centers are not updated until all conformations are read in 
and assigned. The clustering is complete when cluster 
membership does not change between iterations. 

The ART-2’ algorithm is susceptible to convergence to a 
local minimum, dependent on the initial order of the con- 
formations to be clustered. In our calculations, the confor- 
mations were presented in the order they appeared in the 
dynamics trajectory. To test the effect of this ordering, we 
clustered conformations initially in a random order; a similar 
set of clusters resulted, showing that theclustering found stable 
groupings. 

The clustering algorithm requires a choice of both a set of 
parameters to describe an object, in this case peptide 
conformation, and a cutoff radius. We chose to cluster 
conformations using backbone and side-chain dihedral angles. 
Rotations about dihedral angles are the soft degrees of freedom 
in protein folding, so this measure is well suited to identify 
transition events. In addition, clustering based on differences 
in internal coordinates, such as dihedral angles, eliminates 
the need to superpose structures into a common reference 
frame, required in Cartesian-based clustering methods. One 
disadvantage to the use of this metric is related to the fact that 
small dihedral angle changes near the center of geometry of 
a structure can lead to relatively large changes in conformation. 
We discuss issues which arise due to this complication below. 

The cutoff radius was chosen so as to separate conformations 
that differed by large transitions in dihedral angle, but group 
together those that differed by comparatively small thermal 
fluctuations. Since thermal fluctuations in backbone and side- 
chain dihedral angles of proteins are on the order of 1 5 O  

(Brooks & Karplus, 1989), differences in conformation due 
to thermal fluctuations alone are expected to be at least 4 2 O  
when clustering the eight backbone dihedral angles ($1, 42, 

$2,43, $3, $4, $495, indexed by residue position, Tyrl-Val5). 
We chose a cutoff radius of 170°, well above the thermal 
noise level, thereby requiring a large dihedral angle transition 
(- 1 20°) or two or more smaller transitions far conformation 
separation. As will be shown, most conformations within a 
cluster are within the thermal noise; a smaller radius caused 
the “transition” conformations, those on the path from one 
conformational class to another, to cluster separately, greatly 
increasing the number of clusters, albeit with low populations. 
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To clusth the 13 backbone and side-chain dihedral angles, 
a similar radius of 162' was used, which averages to a 45' 
difference per angle; differences of 40' and 50' per angle 
were also used to cluster the turn trajectory, but these cutoffs 
resulted in a relatively large number (25) and small number 
(6) of clusters, respectively. The side-chain dihedrals clustered 
were x1 and x2 of Tyrl, x1 and x2 of Asp4, and x1 of Va15; 
these angles cause the major changes in peptide conformation. 
The x2 angles of Tyr and Asp are essentially conformationally 
invariant under a 180' rotation and were shifted to the range 
of 0'-180' before clustering. 

ART-2' has been implemented in the molecular mechanics 
program CHARMM (Brooks et al., 1983). In addition to 
dihedral angles, a variety of parameters may be clustered, 
including internal coordinates and potential energies. 

MultidimensionalScaling. It is useful to be able tovisualize 
the relative location of clusters in dihedral space, but only low 
dimensional spaces are amenable to such visualization. Thus, 
we used multidimensional scaling to project the clusters from 
n-dimensional dihedral angle space onto a two-dimensional 
plane. This is similar to the scaling performed earlier by 
Levitt (1983) but has the advantage that we first cluster the 
conformations in full parameter space and then scale. The 
projection was done so as to minimize the error (a) in 
iitercluster distances in the reduced dimensional space (dij*) 
with respect to these distances in the full dihedral angle space 
(dij) 
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conformation, first using only backbone dihedral angles and 
then using both backbone and side-chain dihedral angles. 
Clustering based on parameters relating to solvent structure 
would be a further step in the hierarchical description, though 
in this paper we focus only on the peptide conformation. 

An overview of the clusters formed is given in Table 1. Six 
clusters, Tl-T6, resulted from classifying the turn trajectory 
by 4 and $ backbone dihedral angles. The number of 
conformations within each cluster, which varied from 5080 
(Tl)  to 1066 (T6), could in principle provide thermodynamic 
information on conformational preferences. In the 2 4 s  
simulation, however, the system cannot be considered to have 
reached equilibrium, and thus free energies could not be 
directly extracted from the population statistics. The standard 
deviations are substantially smaller ( 5  1 '-68') than expected 
from a cluster of radius 170' with uniformly distributed 
members (1 20°), indicating fairly compact clusters. 

The nature of the recurring conformations within the 
compact clusters is indicated by the average cluster confor- 
mation, built from the clusters' average dihedral angles using 
ideal bond lengths and angles and a planar peptide bond. 
These cluster conformations are given in Figure 2 in the order 
of their appearance in the trajectory. The first three clusters, 
T1, T2, and T6, which occupied the first two-thirds of the 
trajectory, are all type I1 turns. The last cluster to occur, T5, 
is completely unfolded and forms a polyproline helix, com- 
monly seen in extended structures within a protein that are 
not in a 6 sheet (Adzhubei et al., 1987; Karpen, 1991; 
Richardson & Richardson, 1989). The transitional clusters, 
T3 and T4, represent partially unfolded conformations which 
provide a bridge between the folded and unfolded confor- 
mations. Thus the cluster conformations demonstrate a turn 
unfolding event. 

A more detailed picture of cluster evolution as a function 
of time is given in Figure 3. The first conformation of the 
trajectory was assigned to T2, and multiple transitions, or 
"toggling", between T1 and T2 took place for the first 900 ps. 
The peptide then shifted to toggling between T6 and T3 (900- 
1400 ps) and finally to conformations T4 (1400-1650 ps) and 
T5 (1650-2200 ps). Substantial toggling occurred for most 
of these transitions, with the exception oftheT2 toT6 transition 
at 900 ps. 

We examined the cluster conformations in more detail to 
identify interactions stabilizing the backbone conformation' 
and compared these observations to those of Tobias et al. 
(1991a),showninthetimelineof Figure 3. Theinitialcluster, 
T2, is a type I1 turn with the turn hydrogen bond between the 
backbone carbonyl oxygen of residue 1 (01) and the amide 
proton of residue 4 (H4) (Figure 2). In this conformation, the 
positive amino terminus and the negative carboxyl terminus 
are about 3 A apart, forming a salt bridge. The salt bridge 
lengthened to greater than 4 A in the next cluster, T1, which 
is also a type I1 turn but with the C-terminus now interacting 
with the amide proton of Gly (HJ) at the top of the turn. In 
addition to the turn hydrogen bond, T1 also had a hydrogen 
bond between 01 and Hs, further stabilizing the type I1 turn 
(Figure 2). The T6 cluster was the last type I1 turn in the 
trajectory, which differed from T I  an4 T2 in that residue 4 
had a .&type conformation rather than an a-typeconformation, 
which extends the C-terminus away from the turn (Figure 2). 
Thus, this conformational transition is the first step in the 
unfolding of the peptide. 

N N  

@ = F , r ( d i j  - (a + Pdij*)I2 
i=l  j = I  

(3) 

where N is the number of clusters. The objective function 0 
is minimized with respect to the coordinates of each cluster 
in 2-D space and the scale factors a and /3 (IMSL, 1987; 
Takane et al., 1977). 

Analysis of Trajectories. To detect concerted dihedral angle 
changes, we calculated the correlation coefficient p for 
fluctuations in a pair of dihedral angles A&, AB2 as 

where (...) denotes the expectation value. 
RESULTS AND DISCUSSION 

Dihedral Angle TimeSeries. The dihedral angle time series 
used to cluster the conformations are given in Figure 1. Several 
large transitions in both trajectories are apparent; smaller 
fluctuations about the mean, due to thermal noise, are evident 
as well. Thecentral residue, Gly3, most frequently underwent 
large backbone dihedral angle changes (Figure la,b). This 
is expected from the greater conformational freedom of this 
amino acid due to its lack of a side chain. Conversely, the 4 
angle of Pro2 had only minor variations, because of constraints 
by the pyrrolidine ring. Several side-chain conformational 
transitions alsooccurred (Figure lc,d). In general, the pattern 
of dihedral angle changes is complex, and the manual analysis 
of these time series for self-similar conformations and 
transitions is extremely tedious. 

Anafomy of a Turn Unfolding. Tobias et al. (1991a) 
observed that the type I1 turn unfolded during the turn 
trajectory. In what follows, we use the clusters computed 
from our analysis of this trajectory as a framework for 
describing the unfolding process. We clustered the trajectory 
for two reasons: (i) to see if information about the turn 
trajectory would be preserved in the clusters and (ii) to identify 
transitions along the unfolding pathway. To illustrate our 
observations, we give a hierarchical description of the peptide 

We use 'stability" to refer to kinetic stability; inference about 
thermodynamic stability cannot be made given the relatively short 
simulation time. 
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FIGURE 1: Dihedral angles as a function of time: backbone 4 and $ angles from the (a) turn and (b) extd trajectories; side-chain dihedral 
angles from the (c) turn and (d) extd trajectories. 

Table I: Clusters Resulting from Clustering Backbone Dihedral Angles of the Turn Trajectory 
average dihedral angles 

TYr Pro GlY ASP Val 
cluster no. of members SD" $1 42 rL2 43 $3 44 $4 45 structure type 

T1 5080 54 126 -59 127 115 -55 -73 -61 -108 type I1 turn 
T2 1147 59 133 -59 131 86 7 -133 -97 -113 type I1 turn 

T5 323 1 57 127 -65 144 -85 137 -82 127 -105 @ strand 
T6 1066 68 131 -61 130 83 22 -118 146 -98 type I1 turn 

T3 2501 51 128 -62 122 76 63 -82 120 -106 
T4 1504 65 129 -64 140 118 145 -86 137 -101 

(I Standard deviation of distances from the cluster center to each conformation assigned to the cluster. 

T3 and T4 were partially unfolded conformations, with no 
direct backbonebackbone hydrogen bonds. T3 had an 
average conformation similar to T6, but with the turn hydrogen 
bond replaced by a solvent-separated hydrogen bond. In T4, 
the backbone of Gly became more extended, and the 03 atom 
had replaced the Hq atom in the solvent-separated bond with 
01. Finally, T5 had an extended conformation equivalent to 
a polyproline helix. 

When this sequence of events observed from the analysis 
of cluster evolution is compared with thoseobserved by Tobias 
et al. (Figure 3), a high degree of correlation is seen. Tobias 
et al. noted a shift in C-terminus orientation at -250 ps, 
which corresponds to the T2 to T1 transition. They found 
that the turn "dissolved" at 1350 ps, which corresponds with 
the disappearance of T6. They also observed "U-shaped" 
structures starting at 1490 ps (T4 conformation) and unfolded 
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FIGURE 2: Average conformations of the turn trajectory backbone 
clusters. Backbone atoms are shown as 1 as the side-chain atoms 
of Pro2. Nitrogen is denoted by thick 1 , and dashed lines in T2, 
T1, and T6 denote hydrogen bonds. 
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FIGURE 3: Cluster assignments as a function of time for the turn 
trajectory (backbone clusters). The cluster assigned to the confor- 
mation at each time point is indicated. The Tobias et al. time line 
gives the observations of Tobias et al. (1991a). 

conformations after 1650 ps (T5 conformation). Hence, the 
major unfolding events of the turn trajectory are preserved in 

t occurred between the clusters point to 

s optimal in the sense of 
Some loss of information 

Figure 4 best reflect, 
s in multidimensional 

each cluster center 
approximately equals the co 1 standard deviation 
of members within the cluster. thickness of lines 

labeled with the dihedral angles that underwent major changes 

1 

FIGURE 4: Two-dimensional projection of cluster space by multi- 
dimensional scaling. The label of each cluster is centered at the 
cluster's location in two-dimensional space, and the relative number 
of transitions between two clusters is indicated by the thickness of 
the line connecting them (no line denotes no transitions). The time 
of the first transition between two clusters is encoded as a color, 
determined from the color wheel in panel a. Each transition is labeled 
by the dihedral angles that undergo the major change. The radius 
of each circle is approximately equal to the standard deviation of 
conformations from the cluster center (as given in Tables I and 11), 
projected into 2-D space by scaling each standard deviation by the 
ratio of the smallest intercluster distance in 2-D space (e.g., the T3- 
T6 distance in panel a) to this same distance in full dihedral angle 
space. (a) Projection of backbone clusters from the turn trajectory. 
Clusters are labeled with their general conformational state (folded 
or extended) and the conformation of the center three residues (Pro, 
Gly, and Asp). (b) Projection of backbone plus side-chain clusters 
from the turn trajectory. The dashed ellipses enclose those clusters 
that are subsets of the backbone turn clusters, as labeled. (c) 
Projection of backbone clusters from the extd trajectory. 

in the cluster transition. The general order of transitions with 
respect to time is indicated by color (note that our coloring 
of "transition tie linesn is based on first-passage time). 
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appears the rotation of $4 through 0" requires a closeapproach 
between the peptide carbonyl and the carboxyl side chain of 
Asp4. This unfavorable electrostatic interaction may raise 
the free energy barrier to rotations through the bridge region. 
Thus, the side chain at residue 4 may influence the folding 
pathway of the peptide. 

Although T1 and T2 had similar conformations, it was the 
T2 conformation that interchanged with T6 (40 T2/T6 
transitions vs 1 T1/T6 transition). The T1 conformation, 
with its C-terminal interaction with the Gly amide proton and 
its stronger 01-N5 hydrogen bond, would presumably stabilize 
the type I1 turn against a transition to the T6 region by 
constraining 9 4 .  A T2 conformation may be an obligatory 
step between a T1 to T6 transition. One transition between 
T1 and T6 did occur (at 62 ps), though it is possible that a 
T2 conformation occurred between the conformations but was 
not stored. 

The transition between T6 and T3 had small adjustments 
in three dihedral angles, 9 3 ,  4 4 ,  and $4. Frequent transitions 
occurred between these two clusters, at a rate of about 300 
transitions/ns when normalized by the time spent in the cluster 
pair. This suggests a susceptibility of the T6 conformation 
to solvent insertion. 

The transition between T3 and T4 involved changes in both 
43 and $3 of Gly, though no strong correlation in their 
transitions was found (data not shown). The backbone 
conformation of Gly changed from its conformation in the 
type I1 turn (denoted L due to its similarity to conformations 
in a left-handed a helix) to an c conformation, an extended 
conformation energetically favorable only for glycine, causing 
further unfolding of the peptide. The smaller change in 4 3  
preceded the larger change in $3, perhaps breaking the solvent- 
separated 01-H4 hydrogen bond, allowing greater rotational 
freedom for 93. For the T4/T5 transition, 43 undergoes a 
major change at about 1.6 ns, changing the Gly conformation 
to 8. The peptide is completely unfolded at the end of the 
simulation. 

Although the system is not at equilibrium, the cluster 
transitions can give qualitative information about the under- 
lying free energy surface within the conformations visited. 
Two clusters with frequent transitions may correspond to 
conformations that occupy the same free energy basin or that 
are separated by a low, thermally accessible barrier. This 
may be true, for example, of the T1/T2 pair or the T3/T6 
pair, both of which had frequent transitions. Conversely, the 
T2/T6 transition was relatively abrupt; in the region around 
900 ps only 21 transitions occurred. The T2 and T6 clusters 
most likely represent two separate minima on the free energy 
surface. 

Turn Trajectory Side-Chain plus Backbone Clusters. Side- 
chain conformations can strongly influence peptide confor- 
mational stability. To examine this effect, we clustered both 
backbone and side-chain dihedral angles, using a cutoff radius 
of 162". Ten clusters resulted, Tsl-TslO. These clusters are 
illustrated by the projection of 13-dimensional dihedral space 
onto a 2-D surface in Figure 4b. The clusters were generally 
subsets of the backbone clusters, as indicated on the figure. 

One potentially important side-chain interaction apparent 
in the cluster conformations was the packing of Tyrl against 
the Pro2 side chain. Tsl and Ts2 had similar backbone 
conformations (that of Tl) ,  but they differed in Tyrl side- 
chain conformation; in Tsl, the Tyr side chain packed against 
Pro, while in Ts2 it extended into the solvent. Other cluster 
pairs that had similar backbone conformation but differed in 
Tyr packing were Ts7, TslO (-T4), and Ts8, Ts9 (-T5). 
Valine underwent conformational changes in clusters corre- 
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FIGURE 5 :  Correlation coefficient for a pair of dihedral angle 
fluctuations, calculated over a 30-ps sliding window: (a) fluctuations 
in $3 vs $4; (b) fluctuations in $2 vs $3. 

The number of transitions between a pair of clusters 
correlates with the distance between them (Figure 4). The 
greatest number of transitions in the turn trajectory occurred 
betweenT1 andT2(299),followed bytransitionsT6/T3 (163), 
T3/T4 (157), T4/T5 (123), and T2/T6 (40) (Figure 4a). 
Only one transition occurred between T1 /T6 and between 
T6/T4. 

Most transitions involved a change in a single dihedral angle. 
The transition between clusters T1 and T2 is an exception to 
this, as changes in both 9 3  and 4 4  occurred. These angles 
flank the peptide bond between Gly3 and Asp4, and their 
concerted, anticorrelated change rotates the peptide group, 
leaving the neighboring C, atoms in approximately the same 
position. This peptide "flip" is a common feature in protein 
dynamics (Levitt, 1983) and is readily apparent in Figure 5a, 
which gives the correlation coefficients for A$3 vs A 4 4  
calculated over 30-ps windows. In the regions where T2/T1 
transitions occurred (0-100, 300-350, and 900-950 ps), the 
anticorrelation between A$3 and A 4 4  increased (Figure 5a), 
with the correlation coefficient changing from about -0.6 to 
-0.9. In these same regions, A 9 2  and A 4 3  (Le., rotations of 
the Pro-Gly peptide bond) became less correlated (Figure 
5b) due to small changes in 43 independent of $2, probably 
required for optimal hydrogen bonding. Note that, at times 
greater than about 1 ns, fluctuations in the correlation 
coefficient increased for both sets of angles. This reflects the 
fact that the C, positions were no longer constrained by the 
turn hydrogen bond, allowing $i to move independently of 
&+I. Thus, concerted dihedral angle fluctuations are a 
function of peptide conformation. 

In contrast to the T1/T2 transition, which is difficult to 
distinguish from thermal noise (Figure la), the transition from 
T2 to T6 involves a very large change in $4, from about -1 00" 
to 150". This changes Asp4 from an approximate a con- 
formation to a /3 conformation, initiating peptide unfolding. 
Ascan beseeninFigure la, thetransitiongoes through-18O0/ 
180" rather than the "bridge" region between a and 8 at Oo. 
This is somewhat surprising since, for non-glycine amino acids, 
the bridge region is of lower energy than the -180°/1800 
region (Hermans et al., 1990) and is more frequentlyoccupied 
in proteins (Richardson & Richardson, 1989). Indeed, 
dynamics studies of the unfolding of a helices and type I turns 
have ct to /3 transitions traversing the bridge region (Czerminski 
& Elber, 1989; DiCapua et al., 1990; Lazaridis et al., 1991). 
From graphics analysis of the type I1 turn conformation, it 
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Table 11: Clusters Resulting from Clustering Backbone Dihedral Angles of the Extd Trajectory 
average dihedral angles 

TYr Pro GIY ASP Val 
cluster no. of members SD" $1 92 *2 93 *3 94 *4 9s structure type 

-98 aLB El 630 48 116 -64  4 0  81 61 -83 133 
E2 1467 62 130 -62 143 -173 170 -78 134 -104 
E3 7053 57 129 - 6 3  143 -77 126 -80 130 -115 f l  strand 
E4 5036 57 132 -62  136 -84 -79 -78 127 -117 @ bulge 

Standard deviation of distances from the cluster center to each conformation assigned to the cluster. 
E5 274 59 117 -64 4 4  92 138 -110 135 -107 

FIGURE 6: Average conformations of the extd trajectory backbone 
clusters. Thick lines denote nitrogen atoms. Inset: An different 
view of E2, which better shows its U-shaped conformation. 

sponding to T3 and T6, though the change did not appear to 
substantially alter intrapeptideinteractions. Finally, a solvent- 
separated salt bridge occurred between the negative Asp side 
chain and the positive N-terminus for the type I1 clusters (Tl,  
T2, and T6) and for cluster T3, potentially stabilizing the 
folded conformation. There were no strong correlations 
between side-chain and backbone conformational changes, 
indicating these events were not tightly coupled. 

To summarize the turn unfolding event, the pentapeptide 
started in a type I1 turn that was stabilized by interactions 
between the termini and the Asp side chain (T1 and T2). The 
backbone of the fourth residue then extended, disrupting 
termini/backbone interactions (T6). This conformation had 
a turn hydrogen bond that was more susceptible to attack by 
solvent, interchanging frequently with a similar conformation 
which had a solvent molecule inserted into the turn hydrogen 
bond. The turn hydrogen bond eventually broke, allowing 
the peptide to adopt a more extended family of conformations. 
The extended conformations evolved through solvent-separated 
intermediates, first with a solvent bridge between 01 and H4 
(T3) and then with one between 01 and 03 (T4). Finally, the 
peptide adopted a fully extended polyproline conformation 
(T5). 

Heterogeneity of Extended Structures in the Extd Tra- 
jectory. In order to observe folding as well as unfolding events, 
Tobias et al. (1991a) repeated the simulation, but with the 
pentapeptide initially in an extended conformation. We 
clustered this trajectory using backbone dihedral angles and 
the same radius as the turn trajectory clustering (1 70'). Five 
clusters resulted, E1-E5 (Table 11), which had a wide range 
of populations, from 7053 members (E3) to 274 members 
(E5). Although the conformations were generally extended 
(Figure 6), several important differences emerged upon closer 
examination of the conformations. 

E3 has a polyproline conformation, very similar to a /3 strand. 
E2 is conformationally similar to E3 but with the central 

E5 I -- 

I . , , ,  , . . . ,  , , , . , I ,  , , $ . , I  
0 0.5 1 .o 1.5 2.0 

nanoseconds 

FIGURE 7: Cluster assignments as a function of time for the extd 
trajectory (backbone clusters). The cluster assigned to the confor- 
mation at each time point is indicated. The Tobias et al. time line 
gives the observations of Tobias et al. (1991a). 

glycine residue in the extended 6 conformation. The remaining 
clusters have conformations that differ from a 0 strand by the 
orientation of their peptide groups. E l  has the conformation 
aL0 (Figure 6). This conformation is often found at the 
C-termini of a helices, as it aligns three NH groups (NH2, 
NH3, and NH4 here) which can hydrogen bond to the CO 
groups exposed at the helix C-terminus (Karpen, 1991; 
Schellman, 1980). In this case, however, residue 2 was a 
proline, which has no amide proton and therefore would not 
beexpected tocapa helix. It is tempting tospeculate, however, 
that similar conformations in a non-proline-containing se- 
quence could spontaneously fold and initiate helix formation. 
E5 has a conformation similar to E l  but with Gly in an c 
conformation rather than an L conformation. 

In E4, the central Gly residue has an a conformation, 
forming a Ba/3 conformation often found at 0 bulges (Karpen, 
1991; Richardson et al., 1978). In this conformation the 
peptide groups are aligned rather than antialigned as in the 
/3 strand (note the relative position of NH and CO groups in 
E4 compared with E3 in Figure 6). Thus, several different 
extended conformations that commonly occur in proteins were 
adopted by the pentapeptide. 

We now describe the transitions that occurred between the 
clusters from the extd trajectory. The cluster assignments as 
a function of time are given in Figure 7, and the 2-D projection 
of cluster space is given in Figure 4c. The general order of 
appearance of the clusters was E2-(El/E5)-(E2/E3/E4). 
That is, El/E5 formed a transition pair and E2/E3/E4 formed 
a "transition triplet" (Figure 4c). A single transition sent the 
peptide from E2 to E l  at the start of the trajectory, where the 
conformations toggled between E l  and E5 for about 120 ps 
before returning to E2 via E5. This is an example of a single 
transitional event from one well-populated region to another, 
returning again in a single step but by an alternate route. The 
two transitions required substantial changes in three dihedral 
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angles, a peptide flip involving an anticorrelated 180’ rotation 
in both $2 and 43 and a smaller change in $3. 

The Gly conformation was mainly responsible for all cluster 
transitions other than E2/E1 and E5/E2. In 2.2 ns this residue 
underwent several major transitions in backbone dihedral 
angle. This is consistent with previous studies of glycine 
dipeptide dynamics, which also found frequent glycine 
conformational transitions (Hermans et al., 1990). 

Side-Chainplus Backbone Clusters for the Extd Trajectory. 
From the 12 side-chain plus backbone dihedral angle clusters 
of the extd conformation (Esl-Esl2, data not shown), several 
side-chain interactions were found. To summarize these 
interactions, in the El  and E5 conformations, Tyr packs against 
the peptide backbone, a potentially stabilizing interaction. In 
the E4 cluster, Pro packs against Val, and in the E2 and E3 
conformations, Tyr and Pro occasionally interacted, similar 
to the extended conformations in the turn trajectory. 

Clustering Both Trajectories. It is of interest to determine 
whether the turn trajectory and the extd trajectory visited 
similar areas of conformational space. Thus, we compared 
the conformations by clustering the combined trajectories. 
T1, T2, and T3 clustered separately, as did El ,  E4, and E5. 
E2 and T5 clustered together, which is not surprising due to 
their similar conformations (Tables I and 11). E3 and T4 also 
clustered together, with the average conformation between 
that of the two clusters. Thus, the trajectories intersected in 
conformational space only for the extended structures. 

Comparison of Extd Cluster Results to Those of Tobias 
et al. We compared the extd clustering results with those of 
Tobias et al. (see the time line in Figure 7). Tobias et al. 
observed that the peptide was extended for the first 500 ps. 
This encompasses both E l  /E5 and E3, which had significantly 
different dihedral angles but were both relatively extended. 
At 530 ps, Tobias et al. observed a shift from extended to 
“L-shaped” structures and then “U-shaped” structures, which 
corresponds to the shift from E3 (extended) to E4 (L-shaped) 
and then E2 (U-shaped) (Figure 7). Thus, the E2 and T4 
clusters, whose conformations clustered together when both 
trajectories were used, each corresponded to U-shaped 
structures described by Tobias et al. (see inset, Figure 6). 

Tobias et al. described a type I1 turn between residues 1 
and 4 which briefly occurred at 570 ps; this conformation was 
assigned to the relatively extended E2 cluster. The peptide 
was fully extended again after 670 ps (agreeing with the shift 
to E3 observed at this time). This constitutes the first set of 
transitions observed in the extd trajectory, with the clustering 
results corresponding well to the full trajectory observations, 
except for the detection of the type I1 turn. This will be 
discussed further below. 

A second set of conformations were noted by Tobias et al. 
in the second part of the trajectory. At approximately 1500 
ps, a chain reversal began to occur, with a distorted type I turn 
involving residues 2-5 occurring at 1530 ps. The turn lasted 
until 1800 ps, at which time the peptide again adopted an 
L-shaped conformation. Proline and valine were observed to 
pack against one another in the type I turn conformation, 
potentially stabilizing the turn. In the clustering results, the 
conformations shifted from the E3 to the E4 cluster at 
approximately 1500 ps (E4 is again the L-shaped cluster noted 
above). The distorted type I turn, assigned to the E4 cluster, 
was not resolved as a separate conformation. As in the Tobias 
et al. study, the Pro/Val packing was observed for the E4 
conformations. 

Except for the transient type I1 and type I turns in the extd 
trajectory, the clustering results described the observed events. 
Why were the turn conformations not detected? There were 
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several reasons. First, both turns are quite nonideal [see 
Figures 3 and 5 ofTobias et al. (1991a)], with thelast dihedral 
angle of the four that describe a turn deviating significantly 
from ideality ($3 = -120O for the type I1 turn, and $4 = 143O 
for the type I turn, instead of the ideal Oo found for both turn 
types). This precludes the formation of a turn hydrogen bond. 
Turns closer to ideality would have clustered separately due 
to the radius constraint. Nonetheless, these conformations 
do represent chain reversals, whereas their associated clusters 
are fairly extended. 

In addition to nonideal dihedral angles, the averaging that 
takes place during the clustering can also obscure confor- 
mations that deviate from the bulk of the conformations. The 
type I1 turn, which occurred very briefly, was an “outlier” in 
the cluster, being over 120° distant from the cluster center 
(only four conformations were more distant from their cluster’s 
center). This suggests that if transient conformations are of 
interest, one could cluster conformations to remove the most 
common, focusing only an outlier conformations. 

Unlike the type I1 turn, the type I turn had dihedral angles 
quitesimilar toitsclustercenter (T4). Thispointsupa concern 
when dihedral angles are used to describe an extended 
structure. Small changes in C#J or $ near the center of an 
extended conformation can cause rather large changes in the 
distance of one peptide end from the other, such as could 
occur during a chain reversal. Since clustering based on 
interatomic distances may differentiate such conformations, 
we used these conformational parameters to cluster each 
trajectory (data not shown). We found virtually identical 
clusters for the turn trajectory but significantly different 
clusters for the extd trajectory. Conformations from El ,  E5, 
and E3 fell into the same clusters, even though their hydrogen- 
bonding groups were in quite different orientations. The 
pseudo-type I1 turn, however, clustered separately, unlike in 
the dihedral angle clustering. Thus, the differences between 
conformational parameters must be taken into account when 
clustering. Both interatomic distance and dihedral angle 
clustering, however, clustered the type I turn and the L-shaped 
conformations together. Thus, the “type I turn” described by 
Tobias et al. may be better classified as a member of the 
family of L-shaped structures rather than as a separate 
conformation type. 

CONCLUSIONS 

The goal of statistical clustering methods is to find a 
“natural” clustering, though in general this is difficult to define. 
The weaker requirement is to find clusters that give useful 
information. In our application, a possible natural clustering 
would be to group together those conformations that occupy 
the same basin on the free energy surface. Since the free 
energy surface could not be calculated from these data (and 
would require a substantial amount of additional sampling), 
we apply the weaker condition. 

The resultant clusters appeared to separate conformations 
that differed in an energetically significant way-different 
hydrogen-bonding patterns or orientations of hydrogen- 
bonding groups and different van der Waals packing or 
electrostatic interactions. The clusters also separated con- 
formations that differed by relatively large dihedral angle 
transitions. Such conformational differences would be ex- 
pected to fall into different free energy basins. 

The resolution of the clusters obtained obviously depended 
on our choice of a cluster radius. The small number of resulting 
clusters found here, using a rather large radius, was found to 
preserve most of the information described by Tobias et al. 
when analyzing the complete trajectories. The clusters also 
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gave a useful classification system for studying transitions 
and hypothesizing what mechanisms caused or allowed these 
transitions. 

When the transitions were examined in detail, we found 
that most transitions involved a change in a single dihedral 
angle, though large changes in as many as three angles were 
also noted. The most common concerted change was the 
peptide flip, involving anticorrelated changes in $ j  and qji+l. 
In both 2-11s trajectories, glycine underwent extensive con- 
formational changes, while only single conformational tran- 
sitions occurred during the trajectories for the other amino 
acids. 

Several additional points were learned from the observed 
transitions. Concerted dihedral angle changes were a function 
of peptide conformation, as changes in angle fluctuations 
correlated with changes in conformation. Side chains can 
influence the folding pathway, possibly lowering or raising 
free energy barriers so different paths through 9, $ dihedral 
angle space are more or less likely. In the trajectories 
examined, side-chain and backbone conformational changes 
were not tightly coupled. 

The YPGDV peptide unfolding simulation suggests that 
the type I1 turn goes through a solvent-inserted intermediate, 
similar to unfolding events noted for a helices (Soman et al., 
199 1 ; Sundaralingam & Sekharudu, 1989; Tirado-Rives & 
Jorgensen, 199 1; Tobias & Brooks, 199 1 b). The type I1 turn 
adopted a conformation that allowed greater solvent acces- 
sibility to the hydrogen bond prior to the unfolding event. 
This is consistent with studies showing that the free energy 
barrier to breaking a peptide-peptide hydrogen bond decreases 
with exposure to water (Sneddon et al., 1989). Interactions 
which protect the hydrogen bond from solvent exposure (for 
example, hydrophobic clusters) would be expected to stabilize 
the type I1 turn. 

Clustering conformations from the dynamics trajectories 
resulted in meaningful groupings that allowed us to examine 
the evolution of conformations in a complex trajectory. We 
can now look for “consensus” interactions within the resulting 
clusters that point to those peptidesolvent interactions 
important for facilitating the dihedral transitions. Thus, the 
sets of similar conformations resulting from clustering tra- 
jectory data provide a convenient framework for further 
analyzing and assimilating the data. 
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