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Dynamics of polymer chain collapse into compact states
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Molecular dynamics simulation methods are used to study the folding of polymer chains into packed cubic
states. The polymer model, based on a chain of linked sites moving in the continuum, includes both excluded
volume and torsional interactions. Different native-state packing arrangements and chain lengths are explored;
the organization of the native state is found to affect both the ability of the chain to fold successfully and the
nature of the folding pathway as the system is gradually cooled. An order parameter based on contact counts
is used to provide information about the folding process, with contacts additionally classified according to
criteria such as core and surface sites or local and distant site pairs. Fully detailed contact maps and their
evolution are also examined.
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[. INTRODUCTION in the native low-energy state, the chain is folded so that its
sites form a perfectly ordered cubic array. There are numer-

Several decades of protein folding simulation have pro-ous ways that a linear path can wend its way through all the
duced a substantial body of knowledge about processes gosites of a cubic lattice of a given size; from this collection,
erning molecular collapse from a random denatured state tofaur distinct but conveniently described paths have been se-
well-ordered and uniquely defined ground sfdte5]. Simu-  lected for study. Cubic conformations are not known to occur
lations addressing detailed representations of relatively larg real proteins, but this is not an issue since the purpose of
molecules over extended time periods lie close to, or beyondhe study is to examine the effect of the variation of ground-
the capabilities of currently available computers; consestate configuration on folding behavior. As will become ap-
quently, a variety of simplified models designed to captureparent subsequently, the difference between these states di-
particular aspects of the molecular behavior have been forectly impacts both the likelihood of entanglement
mulated. These models eliminate much, or even most of thémisfolding) and the rate of convergence to the ordered state
molecular detail, thereby achieving a major reduction in thgcorrect folding. This difference is at least partly attributable
amount of computation required for evaluating the interacto the dissimilar contact patterns: adjacent sites in the native
tions that govern the behavior. Further reduction in effort isstate involve different proportions of nearby and more distant
gained by replacing Newtonian dynamics by one of the sevfor local and nonlocal sites when measured in terms of
eral forms of Monte Carlo sampling procedure, and the conbackbone separation.
figuration space available to the molecule is generally re- In dealing with highly detailed protein models, there is a
duced substantially by discretizing the problem andproblem establishing that the free-energy minimum of the
confining the molecule to the sites of a regular lat{i2, 7). overall potential function really corresponds to the known
After imposition of these and other approximations, the connative conformation; given the present state of the art, this is
nection between the models and the original problem is apractically impossible, owing to the way potentials are de-
best tenuous, so that it is not always obvious if and howeloped and the limited spatial resolution of experimental
conclusion arising from such models relate to real proteins.structure determination. The alternative approach, based on a

Although a full dynamical simulation of a relatively de- highly simplified description, preserves the underlying tenet
tailed representation of even a small protéar part of a  of protein structure theory, namely, that the primary sequence
protein remains a major computational undertakifg], determines structure, but is sufficiently economical to allow
there is no reason why simplified models cannot be studiedomplete folding pathways to be studied. Moreover, the
in the continuum with molecular dynami¢MD) methods. computational efficiency allows the dynamics of not just a
The purpose of the present paper is to extend an earlier studyngle folding process to be followed, but an entire ensemble
of this kind[9], which dealt with helix formation, to address of systems can be examined, leading to a representative
the formation of a series of more complex native structuressample of the kinds of behavior that can arise; the impor-
the expectation is that through such simulations informatiortance of extensive sampling cannot be overstated, since with
will emerge about how structural variation influences thea very small number of samples it is impossible to determine
folding process. what is, in fact, “typical” behavior.

The native structure chosen for study is the cube. The One reason for choosing a cubic form for the native state
molecule itself is represented as a linear chain, free to movis that a considerable body of work exists on chains that fold
in the continuum(subject to specified internal degrees of into this overall shapésee Ref[7] and references thergin
freedon), and the interactions are chosen in such a way thafThe difference is that all such works involve lattices, prima-

rily using various Monte Carlo techniques; calculations of
this type are carried out at a constant nominal temperature
*Electronic address: rapaport@mail.biu.ac.il (the temperature is a parameter of the Monte Carlo procedure
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used in deciding whether to accept randomly generated trighasseslinked by bonds of constant length, and the angles
configurations, and it determines the ability to crossbetween successive bonds are assigned fixed values consis-
potential-energy barrieysin lattice studies, the potential en- tent with the desired native ground state; the only internal
ergy is a sum over contributions from chain sites that are irjegrees of freedom are the dihedral angles that describe the
contact because they occupy adjacent lattice sites; the apelative orientations of next-neighbor bond pairs projected in
proach to choosing the potential and deciding which sitey plane perpendicular to the bond between them. The inter-

pairs should be encouraged to form contacts depends on th@tions included in the model involve a soft-sphere repulsion
model, and typically, the interactions are chosen in such ﬁetween sites located gtandr,

way that the native state has a substantially lower potential

energy than any other state, even those corresponding to dif-

ferent cube packingéin some of these studies, interactions Usdrij) =4e
are selected so that even in the ground state a fraction of

adjacent site pairs would prefer not to be neighbors, thereby i i
allowing a certain amount of frustration to be incorporatedrésponsible for the excluded volume of the chairmerer;;

into the desigh The folding behavior has been found to =|ri—Trj|) together with a torsional potential
depend on the gap between this global energy minimum and
the other local minima corresponding to compact but mis- Ue(8) = —u cog G— 6{) (2
folded configurations. Much of the lattice work has dealt
with cubes having three sites per edge, corresponding to relacting along each bon@xcept for the first and lastvith a
tively short chains of length 27. When chains of length 125minimum at g(ko) corresponding to the dihedral angle of the
were studied by similar mearig] it was noted that results native state. Aside from the different bond and dihedral
based on shorter chains were subject to finite-size effects; i&ngles as described here, all sites are identical.
particular, the energy gap was a necessary but not sufficient \whijle both of these interactions appear in more realistic
condition for folding, and the presence of a set of core siteSyqein potentials, the present model does not include any of
nonexistent in 27-mers, played a key role in the folding. e sjte-specific pair interactions that are the principal com-
Wh|le It Is pOSS'b'? to debate the_merlts of Mor_1te Ca_rlo ponent of potentials used in more detailed protein studies;
relatl\_/e to MD, there is at least one d|ﬁerence that is particUince there are no direct interactions between sites, any con-
larly important .for f.oldlng St.Ud'e.S‘ In Iattlce-b_a§ed Monte ¢ preferences exhibited by individual sites are entirely due
Carlo, the spatial discretization imposes restrictions on the, i torsional interactions that act along the backbone. Ad-
permissible internal rearrangements: configuration Changec‘ﬁtionally since the presence of a solvent would slow the
typically involve the displa_cement _Of a sing_le chain site, or acomputaiions substantially, the chain resides in a vac(aum
very small numb_er of adjacent sites, as in C.rankShaﬁ'typ%haracteristic of some of the more detailed simulations as
mofuon,_and all dls_placemeqts are based on jumps b‘h:‘t\"’e‘Well); this also avoids the need to decide on the level of
lattice sites. There is no provision for COHeCt'V? movement Ofdetail used to describe solvent effects. At a qualitative level,
more extended subunits, a mode of reorganization likely missions such as these should not prevent simplified models

dominate once a chain has reach(.ad'an even moderatgly COR5m providing insight into the underlying dynamics of fold-
pact state, and clearly such restrictions will have an impac,

on the chain “dynamics.” The MD approach is free from any The MD approach used for the simulation involves recur-

I|m|t_at!ons of this kmd and, at least n principle, aims at Asive techniques for dealing with the internal degrees of free-
realistic representation of the dynamics. El
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Th | of th t is to extend th om, while the integration of the equations of motigar
© goa' o1 1€ Present baper 1S fo exten € approach,nsiational, rotational, and internal motjda based on the

used p_reviougl)[Q] f_or mod_eling helix (_:ollapse to the study leapfrog algorithm; the technical aspects of computations of
of cubic configurations, with emphasis on how the foldlng,[hiS kind have been addressed at length elsewf@&] so
process is affected by the way the chain is arranged inSidfﬁat the details need not be repeated here. The chain is ini-

thg_cube. The. main focus of the egrher paper was on th‘ﬁally heated to a comparatively high temperature to produce
?‘b"'ty of a chain haw_ng_a known native state to agtually fold3 random configuration, and is then cooled very slowly by
into that structure, within the course of a simulation of rea—reducing the kinetic energy by a constant factor at regular
sonable duration; the obvious extension of the work is tOtime intervals. The first stage of the cooling process is de-

conadr—X (r)]tk;gr _confllguratlons W|thbd|ﬁerent ;tructuri'al .feal"signed to extract energy from the chain and leave it trapped
tures. elix involves contacts between sites relatively; =, free-energy well—preferably, though not always, one

closely spaced along the chain, whereas cubic structures IBom which the native state is accessible—from which es-

volve varying mixtures of local and nonlocal neighbors, acape is unlikely; the second stage is intended to freeze the

;hﬁtmqtlon thf.‘t IS I'kfll.y t(:hafiecththe fold_lng Frocestf]. Tg.ef configuration by eliminating, or at least weakening, the soft
ofiowing sections outline the techniques, Insotar as they Aily,54eg that correspond to the low-frequency collective mo-
fer from the earlier work, and then proceed to a discussion o

L ion present even at low temperature, so that measurements
the results and their implications. of the properties of the configuration eventually reached are
relatively free from the effects of thermal fluctuation.

As in the helix studied9], the cooling rate is chosen
The model follows the approach described previoli8ly empirically, and is dependent on chain length. In order to
in which the chain is represented as a series of giees allow comparison of the different native-state chain arrange-

Il. METHODOLOGY
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ments, the same cooling rate is used in all cases. The rate B

value is chosen to differentiate clearly between the varying - -
levels of ability to find the correct folding pathway to the / /
native states; cooling too fast will allow none of the chains to / , / ,
fold properly, while excessively slow cooling will result in a
situation where there are practically no unsuccessfully folded
chains.
As an alternativenot explored heneto gradual cooling,
the simulation could be carried out at constant temperature
using appropriate MD techniques, with a temperature value
chosen to achieve a reasonably rapid folding rate while
avoiding the excessive entanglement responsible for misfold:
ing. Such results would produce a long-tailéor open-
ended distribution of folding times, so that ensuring ad- . b
equate configuration sampling is likely to demand much
longer computation times than the approach based on cool ; ;
ing. The information produced concerning the comparative Z =
folding abilities of different native configurations and the
behavior observed along the folding pathways should be k /
similar, although time scales will differ due to the way tem-
perature is involved.
The initial angular velocities associated with the dihedral :
angles are randomly assigned; changes to the seed used f
initializing the random number generator lead to entirely dif-
ferent folding scenarios. Since it is neither possible, nor par-
ticularly meaningful, to describe at length the detailed histo-
ries of each of the large number of runs carried out, time- FIG. 1. Native-state configurations for cubes with five sites per
dependent ensemble averages over the collection of historigglge; for ease of visualization the chains are shown as continuous
are evaluated. In some of the analyses described below ttigbes.
results are divided into two groups, runs that produce suc-
cessful folding and runs that become trapped in a misfoldethrger factor implying slower cooling. This results in a ki-
state; other kinds of analysis apply to either the entire set ofietic energy fall from an initial value of approximatelyger
runs or just the successful folders. While the results could belegree of freedom, in reduced units defined in terms of the
divided according to other criteria, that based on successfullgoft-sphere potentiato a final value of 2 102 (the sum of
completed folding is the most directly relevant. potential and kinetic energy first becomes negative about a
Chains of lengths 64 and 125 have been studied; thesenth of the way through the riyrby comparison, the poten-
chains can be packed into cubic states with four and five siteial energy per dihedral angle is5 in the ground state. A
per edge, respectively. In terms of the reduced unit of lengthtotal of 400 runs are carried out for each type of native state
chosen herdas usugl to be the parametes of the soft- and chain length; measurements and configurational snap-
sphere interactioriwhich is slightly less than the sphere’s shots are recorded at suitable time intervals.
effective diameter the length of the fixed links between  The four kinds of chain organizations used for the native
neighboring chain sites is 1.3; this bond length is sufficientlystates are shown in Fig. 1; here, for clarity, the chains appear
short to prevent self-intersection, while allowing physically as continuous tubes, whereas in actual fact each chain con-
larger molecules than if adjacent spheres were actuallgists of a series of closely spaced spheres joined by bonds of
touching. A chain ofN sites hasN—1 links and, since tor- fixed length(an example of this representation is shown sub-
sional motion is not associated with the two end links, sequently. In the orientation shown, the cubes are filled one
—3 internal degrees of freedom. Bond angles are fixed atomplete horizontal plane at a time; the configurations
either 7/2 (right angle or O (paralle), depending on the shown are foN=125, the organization fol =64 chains is
location in the native-state cube; to ensure that all bonds ar@milar, after allowing for the smaller cube size. The differ-
treated equivalently, torsional motion is associated withences between the configurations relate to the manner of fill-
bonds even when successive bonds are in the same directidng the planes and the relationship between adjacent planes.
The torsional potential is the same sinusoidal function usedwo of the cases, labelefl and B, are based on zigzagr
in the helix studies, with the energy minimum located at theantiparalle] patterns, the other tw& andD, are spirals. The
native-state dihedral angle for each individual bond. other difference is the relation between the fill patterns of
The runs are of length £Gand 1.5< 10P time steps for the successive planes: the two zigzag configurations consist of
N=64 andN= 125 chains respectively; the size of the time rotations @) and reversals of the fill patterrBf; the two
step is 0.004 in reduced units. Cooling is accomplished bypiral patterns consist of spirals that rotate in alternate direc-
scaling the instantaneous kinetic energy every 4000 steps hipns (C) and spirals that continue to rotate in the same
factors of 0.97 or 0.98 for the shorter and longer chains, airection (D). In all cases, the chain terminal sites lie on the
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TABLE I. Folding success rate for the different native-state con-
figurations and chain lengthy; the results are based on a contact-
range factorg=1.3 (the results forp=1.4 are shown in parenthe-

ses.
‘}‘* Configuration N=64 N=125
A 0.92(0.92 0.81(0.86
B 0.78(0.8) 0.48(0.53
c 0.80(0.80 0.40(0.40
D 0.51(0.53 0.11(0.12

not arise in lattice studies, where the existence of a contact
requires the sites to be neighbors on the lattice in which the
chain is embedded.

The automated decision scheme introduced here to clas-
sify the chain states employs two defining parameters. The

FIG. 2. Typical random early statéypeD configuration; the  fIrstis a factor¢ multiplying the bond length that establishes

chain is shown as a sequence of linked spheres. the maximum contact range. Visual inspection suggésts
=1.3; this excludes essentially all false positives but can

outer faces of the cube. There are numerous other possibtlderestimate the success rate by omitting some slightly
patterns(some more readily characterized than otheirs mlsal!gneq but otherw'lse correct .con_flguratlons—small ther-
particular, patterns that are not restricted to filling a singleMal vibrations(generating concertinalike modes that produce
plane at a timésuch as the three-dimensional Hilbert cypve  Slightly nonparallel layers, or minor deviations from planar-
but the present assortment is already sufficient for displayindly Within the layers are permitted energetically since the
a wide range of behavior. The filling sequences create a di&0St is comparatively low. Raising the value ¢o=1.4 im-
tinction between “secondaryl{each plang and “tertiary”  Proves the situation by capturing most of these configura-
(the entire cubestructural features which some alternative tions, but allows a small number of false positives. The sec-
pathways through the cube might not exhibit. Figure 2 show&nd parameter is the minimal fraction of site pairs that must
an early, essentially random state from one of the runs aftettisfy the distance criterion for the chain to be regarded as
the chain has been heated to erase memory of the initiguccessfully folded. Here a value of 0.8 is used, and this

state; here a ball-and-stick representation is used to show thgaction must appear in at least one configuration during the
actual chain design. final 120 time unityamounting to a few percentf the run;

in practice, once this value is encountered, a high contact

fraction is normally maintained throughout the remainder of
Ill. RESULTS the run.

The analysis focuses on a selection of configurational av- 1€ fractions of chains of each type that fold successfully
erages and distributions that characterize the time-dependePyYer the entire set of runs are summarized in Table I. The
behavior of the chains as folding progresses. Some quantitid§Sults are ranked in descending order; this order has also
will turn out to be sensitive to the organization of the nativeP€en used to assign labels to the native-state configurations.
state, namely, the way the cube is packed, others less sbhe success rates for both valuesfoire shown; the differ-
Although averaging merges the details of individual folding&nce is either zero or quite small. Thus, for practical pur-
histories, it does facilitate the extraction of key aspects of thd?0Ses, the results are insensitive to the choice oh this
behavior that are contained in what is sometimes widelyange, and a value ap=1.3 will be used when required in
scattered data; the spread of the distributions, where showgubsequent analysis.

provides an indication of the inherent variability of the be- ~ For each configuration type the success rate is lower for
havior. the longer chains, but for both cube sizes there is a signifi-

cant, systematic variation that depends on the organization of
the native state. The most successful folder is tperhich
consists(see Fig. 1 of successive zigzag layers in a crossed
Ultimately, the only truly reliable test of whether a con- alignment. Relatively similar success rates are achieved by
figuration has folded successfully is based on visual examitypes B and C, which are the antiparallelor reversed-
nation, but while this technique has been employed, it doedirection zigzag layers and the reversed-direction spirals;
not offer a reasonable approach for describing large sets dhe common feature of both these configurations is that suc-
configurations. Furthermore, owing to residual thermal fluccessive layers are mirror images of one anoflfesding to
tuations, the separation between sites that are deemed to ppominent features in the contact maps discussed)ldter
within contact range will usually exceed the value applicablenally, the least successful folders are those of tipein
to a perfectly formed cube, and this flexibility must be ac-which the spirals, both increasing and decreasing, have all
commodated by the analysis. A corresponding difficulty doegheir turns in the same direction. The fraction of successful

A. Folding success rate
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FIG. 4. A successfully folded configuratigtype B) subject to
the effects of thermal vibration.

out any attempt at characterizing the precise form of this
FIG. 3. Examples of misfolded states, one for each type of Con_deviation. These quantities, unlike some more spe_cific mea-
figuration. sures described later, also correspond to properties that, at
least in principle, are measurabley calorimetry and light
] . scattering in the laboratory.
folders as a whole depends on the cooling rate and, as indi- The graphs of normalized internal energlye only inter-
cated earlier, the rates were chosen to allow differentiationctions incorporated in the model, apart from excluded vol-
between the different chain types; the effect of alternativgyme which makes a very small contribution, are the torsional
cooling rates is demonstrated in REd] for the case of helix terms are shown in Fig. 5 foN= 125; since the energies are
folding, and cubes respond in a similar manner. negative the magnitudes are shown. The overall average for
Figure 3 shows examples of misfolded states, one for eacBach of the four sets of configurations is plotted as a function
chain type; much of the correct native structure is presenipf time, with separate curves used to distinguish the averages
but a very small numbelas small as oneof incorrect twists  for successful and unsuccessful foldéusing the definition
leads to the wrong overall organization. Visual examinationgf syccess given aboydt is clear from the graph that there
of numerous final states leads to the conclusion that while a‘b very little to Separate the different sets of data, |mp|y|ng

correctly folded chains are alike, each incorrectly foldedhat energy is not a useful distinguishing factor for these
chain is incorrect after its own fashion. One could attempt to

classify incorrect folds: in the helix study, most misfolds
were due to a single incorrect twist, while here, an example
of a clearly identifiable misfold involving just a single twist
is the case in which an outer layer is rotated out of alignment
and jammed against one of the other faces of the cube. How- 08
ever, it is not apparent that any useful purpose would be
served by a systematic search among the misfolded states fog
common structural motifs. Residual thermal vibration was & 06
the reason given earlier for failing to identify states as cor-
rectly folded; an example of a folded configuration repre-
senting a borderline case is shown Fig. 4. 0.4
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B. Energy and radius of gyration
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2000 4000 60C

The most familiar global properties of flexible chain mol-
ecules are the internal energy and the radius of gyrdton
other quantity familiar from chain-configuration studies, the
mean-square end-to-end separation, does not convey suffi- FiG. 5. Mean internal energinormalized vs time for success-
cient information to be useful for analyzing foldingThe  ful (solid curves and unsuccessfitiashedifolders of all four con-
distance of each of these quantities from the known nativefiguration types for chains of length 12Beduced units are usgd
state value provides an averaged measure of the deviation efer most of the time range the curves are practically indistinguish-

the current chain state from the ordered configuration, withable.

o

time
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B T deviates  significantly from spherical—or cubical—
symmetry, then it might be necessary to consider the indi-
vidual moments of the mass distribution, but this is not the
case here The mean radius of gyration is shown in Fig. 6,
again with separate curves for successful and unsuccessful
folders of each configuration type. The results are normal-
ized relative to the correctly folded collapsed state, which for
a bond length of 1.3 has the value 10.14 for a packed cube of
size 5(6.34 for size 4. The results exhibit some degree of
spread over much of the run duration, reflecting different
collapse rates, but the final results are very closely spaced.
== A common feature of the results in Fig. 6, for all configu-
o Lo ration types but more pronounced in some cases, is that the
2000 4000 6000  unsuccessful folders appear to collapse somewhat more rap-
time idly during the initial stage of folding, only to be overtaken
later on by the chains that do manage to fold correctly. There
FIG. 6. Mean radius of gyratiotnormalized vs time for suc- is very little difference in the final mean values for the dif-
cessful(solid curveg and unsuccessfibashed folders of all four  ferent configurations and folding outcomes. The actual dis-
configuration types for chains of length 125. tributions of values(not shown are fairly narrow, but do
reveal additional details; for example, the distribution at the
studies. Examination of the full energy distributiofisot  end of the runs for typ& configurations consists of a pair of
shown) reveals the spread in values to be very narrow. Aqarrow partially overlapping peaks, although the combined
will become apparent subsequently, the internal energy appeak width is no greater than for tyfie with only a single
proaches the limiting value of the folded state well beforepeak. Since it follows from Fig. 6 that the range of actual
other quantities achieve convergence. (unnormalizedl mean values is less than the site diameter it
An overall measure of the compactness of the configurais apparent that, as with the internal energy, the radius of
tion is provided by the radius of gyration; it is defined as thegyration is of little help in differentiating between sets of
root-mean-square distance of sitessuming all to have the correctly and incorrectly folded statdthe more extreme
same masgsfrom their mutual center of mag# the shape cases of misfolding make only a small contribution to the

T T T T T

10

radius of gyration

o

[

\“)\6\‘& !""!/" i

el

FIG. 7. Contact pair fractios vs time for all
configurations A-D ordered vertically and
chain lengths64 on the left, 125 on the right
the vertical axis shows the distribution.
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FIG. 8. Separation of site pairs that are in
contact when in the native state vs tirftee se-
quence of plots is the same as in Fig. 7

mean. Though the radius of gyration converges less rapidlybehavior ofS depends not only on chain length but also on
than the energy, it is already close to its limiting value at athe cube packing. In some cases, Sdistribution becomes
time when other chain properti¢see beloware still under-  bimodal in the course of the folding process, with the two
going substantial change. This initial collapse to a relativelypeaks corresponding to chains that do and do not manage to
compact state, followed by @ometimes successfusearch  fold successfully §~0.8 is the minimal value exhibited by a
for the route to the native folded state, is also a feature ofp|ded chain, in which a fraction of the pairs that should be
lattice Monte Carlo studiefs7]; however, given the continu-  ¢|assified as being in contact is temporarily out of range due
ity of configuration space in the MD approach, it is likely {4 thermal fluctuations in other instances, a single broad
that MD will be more effective in rearranging a chain once it o0 encompasses both folded and misfolded configurations,
has reached a semicompact state. and its position depends on the configuration type.

An alternative approach to describing the degree of con-
tact formation, which avoids the need for the factpr is

The study of properties based on the local environmentbased on measuring the separation distribution of site pairs
of the chain sites provides an alternative to the global meathat should lie within contact range. The results are shown in
sures of energy and conformation considered above. An oiFig. 8; in those cases where multiple peaks occur, it is the
der paramete8 that measures the proximity of a configura- narrow peak located at the lowest value that corresponds to
tion to its native state can be defined in terms of the fractiorcorrectly positioned neighbors, with peaks at larger separa-
of site pairs forming contacts in the native state, which lietions showing the distance distribution of those site pairs that
within contact range—with the separation facigérintro-  are unable to position themselves correctly; the graphs in-
duced earlier used to determine which pairs qudlir a  clude all chains, both folders and nonfolders, with both kinds
chain whose native state is a cube witlsites per edge, the contributing to the various peaks, although in different pro-
maximum number of contacts is the number of lattice bondgortions.
n(n—1)(3n—2) minus the number of chain bond$—1]. Contact formation between particular site pairs can be se-
The time dependence @& is shown in Fig. 7. Here, and lectively studied by classifying the sites into different catego-
subsequently, surface plots are used to display these timeies and evaluating the average behavior for each category.
varying distributions in a compact fashion. The fraction of One such classification, used previously in lattice studigs
successful folders corresponds to the area under the peak distinguishes sites belonging to the exterior surface faces of
the region close to unity near the right corner of the grid;the cube from those of the interior core. Although the design
unsuccessful folders contribute to lower values. Clearly, thef the native states of the chains considered here does not

C. Contact formation
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assign any preferred role to such a core, it does not precludeach plot the contacts within layers tend to form first, fol-
analysis of the results from such a perspective. Chains thdowed (after a delay by contacts between layers. Further-
fill cubes of size 4 have a mere eight sites in the ¢@&5%  more, the formation of contacts within layers is essentially
of the siteg, but chains filling cubes of size 5 have a more complete, and the missing contacts are those that should
substantial core of 27 sit¢21.6%). Figure 9 shows the con- have appeared between the layers. The detailed distributions,
tact fractions for chains that are able to fold successftilg  and especially the elapsed time between the formation of
two sets of contact distributions—for core and surfacespecific fractions of intralayer and interlayer contacts, vary
sites—are normalized separately and then combined in eacubstantially with configuration typé&nd, of course, with
plot); with the longer chains, it is apparent that for configu- chain length.
rationsC andD contacts form, on average, at different rates The tendency for intralayer contacts to form first, and in
and the core sites tend to make contact with their correcéome instances for the core sites to form contacts earlier, are
neighbors earlie(separate plots of the distributions establishtypical of the kinds of general observations that can be made
this ordej. Such behavior is indicative of structufsm an  concerning the folding pathways of simplified models. There
averaged sengenucleating in the interior and propagating is no component in the potential energy function that directly
outwards, but it is not apparent for all chain types andprefers any particular feature over any othnlike the helix
lengths. pairs of Ref[9] where the potential favored the prior forma-
An alternative to making the distinction between core andion of individual helices and only subsequently their parallel
surface sites is to classify the individual contacts accordinglignmenj, so that this behavior is something that emerges
to their role in the structure. All the chain configurations spontaneously from the model. Owing to the wide variation
considered in the present work share the common desigim possible pathways, itself a consequence of the many de-
characteristic of a native structure built from a series of plagrees of freedom of the chain and the resulting high dimen-
nar layers. This suggests dividing the contacts into twacsionality of configuration space, it is not obvious how to
classes, those between sites within the same I@gah layer  further categorize the folding pathways at a higher level of
can be regarded as a secondary structure elgraadtthose resolution (by, for example, introducing appropriately de-
between sites in adjacent laygferming the tertiary struc- fined “reaction coordinates’ In particular, it does not seem
ture). The results, shown in Fig. 10, reveal that in all casegossible to establish the existence of “funnels” in configu-
(the two contact distributions have again been combined imation space that are traversed by a relatively large propor-
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FIG. 10. Contact fractions for site pairs within
and between layers vs time for chains that fold
successfully.
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tion of pathways; whether such a concept is uséfutept in The general arrangement of a contact map is that both

certain very specific casess questionable, indeed there axes correspond to the indices of the sites along the back-
could well be so many funnels that they span a substantiddone; if a pair of sitesi(j) are within contact range then a

portion of configuration space. (squareé marker appears at the corresponding coordinates.
Since the plot is symmetric only half the markers need to be
D. Contact maps shown; the backbone pairs can be included for reference

even though they are always present. It is possible to extend
ethis scheme for representing the configuration to produce a

summary of the pro.X|m|t_y of a conflggra_tlon to its natlwla. easonably reliable, low-temporal-resolution history of the
state by showing which site pairs are within contact range; |§

also reveals patterns in the distribution of contacts amon olding process; this is accomplished by replacing the binary

L . . . air/nonpaiy values in the contact map by continuous val-
chain sites as a function of their backbone separation an . : : . .
. . . .ues representing the fraction of configurations sampled in
among groups of sites at particular backbone locations. It is > iy ; . .
) : which pairing occurgincluding only those sites that are ac-
also possible to forego these details and study how the con- . . : )
: . tually paired in the native state@ver the course of folding,
tact formation rate depends on backbone separation along

. . . . ) h ing the linear size of the marker n he val
without taking into account which sites are involved; sucha d using the linear size of the marker to denote the value

it I not tedly. that “local” (color or gray-scale coding can also been ysé€r the as-
results reveal, not unexpectedly, that neafimpre “local”) g tion that the contacts that appear more frequently are
sites generally form contacts earlier and have a higher ove

X ) ! those that develop earlier along the folding pathway, the his-
all success ratgthere is the occasional exceptjoihis clas- o1y is contained in this generalized version of the contact

sification, however, ignores features that have already beemap; a considerably less concise alternative would be a se-

found to be significant, such as contacts within and betweefyence of binary maps corresponding to different times dur-
layers. Although the full contact map is not subject to thising the simulation.

shortcoming, it does have the opposite problem of an excess The contact maps shown in Fig. 11 incorporate the two
of detail, and because sample sizes are smaller due to eagdliferent kinds of information. The first is the actual pattern

pair of sites being treated separately, the results are subject &6 contacts appearing in the ground state of the chain, which
increased statistical noise. is indicated by the presence of markers irrespective of their
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4 5 details that are likely to be relevant, such as the presence or

absence of larger groups of markers at various distances
from the main diagonal, the data are probably insufficient to
allow any firm conclusions. What is apparent here is that the
best folder, typeA, has the least amount of structure of this
kind, B andC are similar, whileD, the poorest folder, has the
most amount of structur&hese observations also apply to
the shorter chains The inclusion of additional native-state
structures in the study might help elucidate the relationship
between contact patterns and foldability.

IV. CONCLUSIONS

The focus of this paper has been on the folding ability of
model chain molecules with well-defined native states. While
each of the native-state configurations is cube filling, the
paths taken by the chains through the cubes are different for
each configuration, and this difference—which in some sense
determines the “accessibility” of the native state—has a
strong influence on the outcome of the folding process. Un-
like the requirement of many lattice studies, the native-state
energy is not markedly lower than for compact misfolded
states; nevertheless, some of the configurations already
) achieve high folding success rates under the conditions of the

FIG. 11. Generalized contact maps for chains of length 125;my|ation, and the results for the less successful cases could
(only chains that fold successfully contributes described in the o f,rther improved by slower cooling. The key conclusion
text, each axis spans the range of site indices, while marker size {§ = o efore, that if a unique native configuration exists,
used to indicate the folding history, with bigger markers corre- i1, js consistent with the interaction potential, the chain is
fﬁ:g‘::fbg’ngo:;?cﬁéﬁgt form earligne main diagonal represents able—both in principle and in practice—to find it. The diffi-

g cult problem, in the context of more realistic models, is how
to formulate such a potential.

size. Certain structural features lead to recognizable patterns The relevance of the study of cubic conformations, de-
in the contact map, and while particular motifs appear inspite the fact that such systems have no counterpart in nature,
more than one map, the overall patterns associated with the the existence of well-defined, unambiguous ground states.
four configurations are seen to be very differéhere is also  Additionally, the cubic native state is able to accommodate a
a systematic dependence on chain lepgBontacts involv-  combination of both short- and long-range structural fea-
ing nearby(in terms of backbone separatjopairs appear tures. The fact that there have been extensive studies of cu-
close to the diagonal; identifiable structural elements in théically packed chains using other simulational approaches is
native state, such as zigzag layers, spirals, and reversed aget another motivating factor. The advantage of the con-
jacent layers, correspond to specific marker patterns. Thénuum MD approach is that efficient collective reorganiza-
second category of information is the concise representatiotion can occur, even in relatively compact states, as opposed
of the folding history of the chain ensemble based on marketo the discrete sets of moves provided by the various Monte
size. Carlo approaches; the absence of configurational restrictions

What sort of information can be extracted from maps ofimposed by an underlying lattice allows for continuous con-
this kind? Given that in the present model the contacts themformational change, an important capability for partially col-
selves do not contribute directly to the interaction energy, butapsed chains.
only reflect the organization dictated by the torsional poten- The most obvious limitations of the model, in its present
tial, it is not surprising that the maps reveal that contactdorm, is that the only interactions includdédside from ex-
between nearby sites along the backbone tend to appear eaftuded volume are of torsional type, and that no solvent is
lier (there are, for example, no attractive forces acting diincluded. Neither shortcoming is difficult to overcome in
rectly between distant sites that could compete against thigrinciple. Additional interactions could be included if there
ordering. The behavior is not always monotonic, so that inwas a specific reason to do so, although consistency of the
the longer, linear sequences of markers perpendicular to theverall potential with the desired native state would have to
main diagonal, a feature associated with configurations ofe assured. The inclusion of an inert solvent, modeled using
typesB andC, both of which have reversed adjacent layers,discrete particles, would slow the dynamics substantially and
there are instances of more distant backbone sites pading require additional computation to handle the extra degrees of
averageg prior to those that are nearby. One could attempt tdfreedom; it would also be possible to incorporate specific
correlate specific features in the contact maps with the abilitghain-solvent interaction&o mimic hydrophobicity, for ex-
of the chains to fold successfully; while there are particularample, but this, too, would be a complicating factor that the
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deliberately simple design of the present model is aimed atninimum (free-) energy collapsed state and a variety of mis-
avoiding. folded states with very similar energies. Thus there is no
Even with these simplification, the model has been showmylobal minimum state that is well separated from the many
to display a range of physically interesting and relevant kindgocal minima, and on the basis of energy considerations
of behavior. All the observations are based on a chain modeione it is not possible to reach any conclusion about the
whose interactions have been designed without any specifig|ding capability of each kind of chain. The intuitive but
folding scenario in mindaside from the chosen native state nponquantifiable notion of accessibility—the ability of the
nevertheless, there are certain identifiable aspects of thehain to go where it needs to be—plays an apparent role,
mean behavior that merit attention, such as the tendency igince it reflects the robustness of the chain in resisting the
certain configurations for the core sites to form contacts ealconsequences of incorrect entanglement; partially entangled
lier, for layers to become organized first, and for the correcktates occur often along a folding pathway, but their effect is
folding pathway to be correlated with a slower overall col-transient if escape is possible. It is clear from the present

lapse(as measured by the radius of gyragioBuch features resuits that even the simple chain models studied here differ
correspond to generic behavior, so that simple models of thigreatly in this respect.

kind can be used as reference systems when investigating
more highly refined designs. If additional features are able to
produce little more than that already occurs in the simplest of
models, then they clearly fail to advance the state of the art.

What lessons emerge from these results insofar as protein This work was partially supported by the Israel Science
folding is concerned? Each of the cases studied has a singkoundation.
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