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Semiempirical prediction of protein folds
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We introduce a semiempirical approach to predibt initio expeditious pathways and native backbone
geometries of proteins that fold undier vitro renaturation conditions. The algorithm is engineered to incor-
porate a discrete codification of local steric hindrances that constrain the movements of the peptide backbone
throughout the folding process. Thus, the torsional state of the chain is assumed to be conditioned by the fact
that hopping from one basin of attraction to another in the Ramachandrafionappotential energy surfage
of each residue is energetically more costly than the search for a sgdgifi) torsional state within a single
basin. A combinatorial procedure is introduced to evaluate coarsely defined torsional states of the chain defined
“modulo basins” and translate them into meaningful patterns of long range interactions. Thus, an algorithm for
structure prediction is designed based on the fact that local contributions to the potential energy may be
subsumed into time-evolving conformational constraints defining sets of restricted backbone geometries
whereupon the patterns of nonbonded interactions are constructed. The predictive power of the algorithm is
assessed bga) computingab initio folding pathways formammalian ubiquitirthat ultimately yield a stable
structural pattern reproducing all of its native featur@s,determining the nucleating event that triggers the
hydrophobic collapse of the chain, af@ comparing coarse predictions of the stable folds of moderately large
proteins (N\~100) with structural information extracted from the protein data bank.

DOI: 10.1103/PhysReVvE.64.021901 PACS nunider87.10+e, 87.15.He, 87.15.Cc, 87.14.Gg

[. INTRODUCTION coarse representation of the torsional state of the chain.
Within this discretized framework, local torsional states of

One of the core long-standing problems in molecular bio4individual residues may be viewed modulo the basins of at-
physics is theab initio prediction of the native three- traction in the Ramachandran pl® basing: Two local iso-
dimensional(3D) structure and expeditious pathways of amers are coarsely regarded as “the same” provided they be-
protein folding undeiin vitro renaturation conditiongl—6].  long to the sam& basin. Thus, the basic assumption of our
Recent researcfv—10] reveals that a meaningful approach model may be formulated as follows: Since interbasin hop-
to this problem must reconcile the local conformational con-ping is slower than intrabasin exploration, the torsional dy-
straints imposed by steric hindrances @ V) torsions of  namics of the chain are enslaved or subordinated to the se-
individual residues with the nonbonded potential energyquence of interbasin transitions. Then, since the numbgr of
terms responsible for the large-scale organization of thdasins per aminoacid is discrete and sni&l¥), the folding
chain. problem may be essentially digitalized within a context in

The local torsional restrictions are determined by the sowhich anN sequence oR basins(N=length of the chain
called Ramachandran mafkl]. Such plots represent local represents a distinctive set of torsional constraints.
potential energy surfaces associated with each of the 20 This basic assumption leads to a discretized mechanistic
types of residues, mapping the locd}, W)-torsional coor-  picture in which the relevant torsional information is en-
dinates of each residue onto the energy axis and subsumim@ded in a time-dependent matrix Kfcolumns(N=length
all bonded interactions. Thus, this surface is built exclusivelyof the chain called local topological constraints matrix
taking into account intraunit elastic torsional, dipole-dipole,(LTM) [7-10]. To fix notation, let the digits 1, 2, 3, 4 denote,
and Lennard-Jones terms determining the local steric hinrespectively, theR basins containing the extendgiisheet
drances and propensities that constrain torsional motion. conformation, the compact right-handé®) a-helix confor-

The basic topographic features of the Ramachandran plahation, the compact left-handeghelix conformation, and
remain invariant throughout the whole series of conformathe extra basin only present in Gly. In turn, Arvector of
tional changes that take place during the folding processuch digits will denote a coarse torsional stépology) of
[7-10,12. This fact clearly suggests that an efficient explo-the entire chain. Within this framework, not only basic sec-
ration of conformation space may be achieved by separatingndary motifs may be codified, but also the conformations of
local terms from nonbonded potential energy contributionshairpin turns and bendgl3] may be discretely expressed
and incorporating the former as determinants of a discretizechodulo R basins[10]: Typical topological patterns or con-

sensus windows compatible withairpin two-residue turns
[13] are ...111433)1111..., .111X42)1111..., where hairpin
* Author to whom correspondence should be addressed. Email adurn windows are given in brackets; similarly, the topological
dress: arifer@criba.edu.ar patterns for common reverse turns are1111(13)1111...,
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..111%422)1111..., while the pattern for aR-a-helix turn is  recorded and then a bifurcation of folding pathways occurs,
...2222... The recognition of such patterns depends oexcept that the misfolded pattern will be ephemeral when
frustration-tolerant matchings of hydrophobic residues anadompared with the one that offers a better possibility for
ion pairs and on the tolerance to torsional incongruit8dsa  structural developmen7—9|. As can be surmised, the level
plasticity that is senseless at the geometric level, where missf pathway bifurcation also grows exponentially witth
matches are energetically penalized and matchings are en@ventually rendering the topological treatment unmanage-
getically favored by the nonbonded intramolecular potentialable.

Thus at the topological level, consensus windows such as While in small proteins ther-p loop algorithm is highly
...111122231111... are “recognized” asB-sheet hairpins efficient in the prediction of nativelike topologies, the struc-
with four-residue turns[8] just like the perfect pattern tural ambiguity in pattern recognition may become computa-
...111122221111.... The stability of such patterns is contin- tionally insurmountable for larger proteins. Thus, we need a
gent upon the compensatory role of the enthalpic loss due taew and rigorous means to define th@peration by making
contact formation with respect to the actual loss in side-chaimse of information encoded in the nonbonded potential.
torsional entropy and thus, the thermodynamic potential will  Instead of topologically characterizing each structural mo-
tend to “correct” torsional incongruities. tif in order to recognize patterns, as done in previous work,

At this level of description, the LTM evolution is deter- we shall factorize ther map through energetically optimized
mined by the interbasin transitions whose rates decrease 3® realizations of each LTMFig. 1). In other words, an
patterns compatible with structural motifs are recognized iroptimized 3D geometry realizing the LTM will act as a me-
the LTM, an “if-you-see-it-freeze-it” computation strategy. diator in the recognition of topological patterns. Thus, CM
On the other hand, the hopping rates increase if existingnatrices will become directly accessible from the resulting
topological patterns are dismantled due to the formation of geometrieg15].

33% out-of-consensus critical bubble in the LTi4]. Thus, Based on this conceptual framework, an algorithm for

the mean hopping rate for free residues is'30%, and a  structure prediction is introduced in this work. The algorithm

deceleration is applied reducing it to®16r 10°s %, respec- reveals the time evolution of backbone geometries deter-
tively, depending on whether the residue is detected as paniined by nonbonded potential energy optimizati@f] un-

of a secondary or tertiary pattern at the time when the LTMder the constraints imposed by the evolving LTM. This re-

is evaluated 7—-10]. quires engineering a semiempirical potential designed to

The outcome of the pattern recognition is recorded perievaluate the contribution of each type of nonbonded interac-
odically, say every 100 ps—the minimal time for a patterntion. The LTM’s are generated using the geometry-mediated
change(cf. [7-10,14)—as a contact matrixCM). This re-  (-p) loop routine. Each LTM serves as the set of constraints
cording is based on the topological compatibility of the pat-for geometric optimization, and reciprocally, each optimal
tern “read” in the LTM vis-avis a specific structural motif geometry determines how to generate the next LTM.

[7,8]. In turn, the CM is determined based on an operational The fact that the model focuses on the backbone confor-
definition of contact: Two residues are in contact when theimation might lead one to the belief that other degrees of
a-carbon distance is shorter than the maximum distance agreedom such as side-chain dihedral torsions have been dis-
sociated with an energetic decrease of at |&4E2 in the  regarded. This is not so. Our model incorporates implicitly a
longest-range contribution to the intramolecular potential. level of conformational detail that enables a self-consistent

A feedback or renormalization mechanism ensures thateans of coarsely generating torsional dynamics of the pep-
the CM dynamics will entrain the LTM evolution in the long- tide backbone. This does not entail truncating the number of
time limit as patterns are hierarchically develod&@d-10.  torsional degrees of freedom and retaining only (e V)
Thus, the iteration of two generic operations determines théackbone description: While torsional degrees of freedom of
LTM-CM dynamics: The pattern recognition operation the side chains are not included explicitly as dynamic vari-
7:LTM—CM and the renormalization feedback operationables, they surface in the model as conformational entropy
p:CM—LTM, prescribing how the next pattern recognition and define the strength of two-body contributions, both de-
on an LTM is to be performed according to the long-rangeterminants of the coarse torsional dynamics of the backbone.
interactions encoded in the latest CM. On the other hand, in order to obtain a self-consistént¥)

As N gets larger, a clearcut assignment of topological patdescription of backbone dynamics, as provided by the
terns in the LTM is marred by structural ambiguity: Edeh geometry-mediate@r-p) algorithm, we must go into further
basin contains a vast geometric latitude that may encompastetail vis-a-vis the backbone itself, incorporating the dipoles
different rotameric isomersl1] that will be accomodated in localized along the chain. This is necessary to construct two
mutually excluding geometries of the whole chain as foldingnonbonded contributions: the dipole-dipole and hydrogen-
possibilities grow exponentially wittN. For instance, the bond terms, in turn determinants of the geometry-mediated
same basin that contains the lo¢®,\V) conformation asso- dynamics.
ciated with ana-helix turn (nonzero pitch also contains the Furthermore, within the timescales relevant to an adia-
local conformations of a two-residy@turn (zero pitch. The  batic separation of side-chain and backbone motions, the
structural ambiguity may only get resolvedposteriorias  residues are regarded as solid ellipsoids centered at the
structural development causes one pattern to outgrow ita-carbons with three effective Lennard-Jones radii. Thus, be-
competitors, that is, those sharing common consensus wirsides the standard value of 1.85 A adopted as the radius
dows in the LTM. Initially, both structural motifs might get along the virtual bond joining adjacent aminoacids—the
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FIG. 1. () Scheme of a single pattern-recognition-and-feedliael) iteration in the simulation of the torsional dynamics as entrained
by its coarse version where torsional states are viewed with regards to the Ramachandran basin to which they belong. The topological or
coarse dynamics are monitored by the time evolution of the local topological constraints ¢ialix Two basic operations determine the
enslavement of the LTM dynamics to the long-range organization encoded in the contact(@ikyiXIhe pattern recognitiofwr) and the
renormalization operatiofp). To remove structural ambiguity, the former may be mediated through an optimal 3D realization of the LTM,
a preliminary operation that enables the determination of contact patterns not systematically identifiable in the LTM. The operations required
to determine the LTM at two consecutive discretized instamtisdt+ 1 are representel?—10]. The feedback renormalization affects the
way the LTM (t+ 1) is generated from LTMt), and also the way the LTMt ¢ 1) matrix is evaluated to detect patterns recorded in CM
(t+1). (b) lllustration of a geometry-mediated detection of a simple patter:sheet motif has been recognized in the LTM by optimizing
torsional values within th&® basins given in the LTM.

“along-backbone dimension"—the residue is endowed withspectively{ 7—10]. This simulated dynamics of torsional con-
two other dimensions, surfacing depending on whether sidstraints has some inherent limitatioria) It fails to give an
chains interact laterally—as in secondary structure—or thewccurate description when the topologi¢alodulo R basin
are engaged in a headon collision leading to a tertiary interresolution is structurally ambiguous, or different structural
action. patterns are possible for a given combinatioriRdfasing 7].

To summarize, there is an essential premise upon whickb) The resolution of hopping rates is not fine enough to truly
both the previous topologicdlr-p) loop algorithm and the take into account the extent of structural engagement of a
new unambiguous geometry-mediated algorithm are basedesidue (free, secondary, or tertiary are simply not fine
In order to explore a region in the torsional space of a resienough categories as indicated below
due, it is first necessary that the residue finds its correct basin Thus, the new algorithm given in this work serves a pur-
(R basin in the local potential energy surface or Ramachan-{pose: In its implementation we have taken care of the caveats
dran mag7]. By “correct basin” we simply mean the basin mentioned above. The time evolution of torsional constraints
that contains the targeted region (i, W) space. Since in- is now based on an optimized geometric realization of the
terbasin hopping is far slower than intrabasin equilibration, itLTM, while the interbasin hopping probability at a given
is natural to assume that interbasin hopping enslaves or sulime depends directly on the extent of structural involvement
ordinates the folding process when the latter is viewed as thef the residue at that time. The latter quantity is computed by
long-time limit of torsional dynamics. Thus we can claim evaluating the energetic and entropic changes that would re-
that the folding problem may be reduced to the problem ofult in the entire structure if the given residue would change
determining the time evolution of torsional constraints,its R basin. In this way the structural multiplicity resulting
where such constraints may be regarded asRtmasins to  from working directly at the topological level is removed,
which residues are confined at a given time. This idea standshile a finer resolution of basin hopping rates reflects the
in sharp contrast with significant efforts aimed directly atfact that the more structurally engaged a residue is, the least
computing the torsional dynamics, or simplified versions, odikely it will be prone to change itR basin.
caricatures of therhi2—4].

In vjew of this, the gntire problem oib initio prediction Il. THE ALGORITHM
of folding pathways boils down to devising a means of com-
puting the interbasin hopping dynamics. A first attempt has The algorithm introduced in this work hinges on the fact
been given if7—10]. In this earlier version, the evolution that local contributions to the potential energy may be sub-
of torsional constraints is encoded in a time-evolving matrixsumed into time-evolving conformational constraints defin-
(the LTM), which assigns arR basin to each residue and ing sets of restricted backbone geometries framing each pat-
chooses interbasin hopping ratésansition rates from  tern of nonbonded interactiofig—10,17. In turn, each such
Gaussian distributions picked according to the topologicapattern dictates how the new set of constraints will emerge
patterns detected in the LTM. Thus, if a residue is free at and thus conditions the way in which the new pattern will be
given time, that is, it is not recognized as part of any topo-generated. This approach may be contrasted with existing
logical pattern, its mean interbasin hopping time is 10 psalgorithms where all terms—local and nonbonded—are
likewise, if it is recognized as part of secondary or tertiarytreated together as a whd&8] without introducing hierar-
structure, its mean transition times are 10 ns and 1 ms, reshical considerations.
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FIG. 2. Scheme of a single geometry-mediateg iteration
carrying the system from the chain topology LT#}l(to LTM(t

+1).
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erated by thePROCHECK program [15]. Our program is
equipped to accommodate alternative database sources for
the torsional realization of aR basin.

(2) A steepest-descent optimizatidi6] is performed
adopting an effective semiempirical potentla=U ,+Ug
made up of a nonbonded potentld},,, and a local elastic
Ramachandran term denotdg, penalizing departures from
the local (®, ¥) minimum in eachR basin[17]. The non-
bonded potential has been especially engineered to incorpo-
rate all meaningful pairwise additive contributions of the
form U,4(i,]) representing interactions between pditp’s
of nonadjacent aminoacids, whilég is made up of single-
unit [Ug(j)] contributions. The optimization is confined to
the set of residuek=1(t) that have been required to change
their respectiveR basins in the previous interation LTM(
—1)—LTM(t). Thus, the optimization process is confined
to the set of variable$§(®;,¥;)}, i el(t), where @;,¥))
denotes the torsional state of residuélhe detailed back-
bone conformation for the remaining aminoacids obtained in
the LTM(t—1)—LTM(t) iteration is retained.

(3) The CM(t) contact matrix is computed directly from
the optimized geometr{(®;* ,¥)}, i=1,...N, obtained in
step(2), by determining the distances between nonadjagent
carbons. The aminoacid pdirj) is considered to be in con-
tact if Up(i,j)<—RT/2.

(4) For each detected contact between residweslj, we
compute the effective loss in side-chain entrap$(i,j)
=AS.(i)+ASs{j) associated with the partial torsional con-
straints imposed on the side chains of the aminoacids in-
volved in the(i,j) contact.

(5) The family J(k) of pairs (i,j) of residues such that
<ks=j and|Ui,j)|=RT/2 is determined. This is the fam-
ily of attractive (contac} or repulsive(anticontack interac-
tive pairs whose survival depends on the torsional conforma-
tion adopted by residuke

(6) We compute the minimal loss in backbone conforma-
tional entropyA S,(k) associated with the closure of a loop
of sizeL (k), whereL (k) is the minimal contact orddchain
contour distance in number of aminoagider all pairs in
J(k). Thus, if L(k)=j*—i* with i*,j* €J(k), we get O
=AS,(K) = RIN[ILx - jr<j«Ay/47*], whereA,, is the micro-
canonical lake area of tHR basin[17] required for loop unit

A single complete iteration of our algorithm is schemati- j’ to be in, and 4r? is the total area of the product of two
cally given in Fig. 2, which describes a single 3-D-mediatedunit circles(one for each local torsional variabléThe lake
-p iteration. Each such iteration maps one topological statareas of residues are computed by considering the area en-

of the chain, LTM{), onto the next, LTM{+ 1), a transition

closed by the contour equipotential line in the Ramachandran

entailing 10 ps in real time, the minimal time for a significant map that includes the lowest-lying saddle point. Such a con-
change in contact patterns involving the fastest interbasitour line is identified with the basin rim. These microcanoni-

hopping for free residue&f. [7—10,14,17). Thus, each it-

erati

(1) A (®, W)-coordinate assignment within the choden

on involves the following steps.

cal entropies are given in Table | and have been estimated
from a protein structure database obtained from the
PROCHECKprogram[15]. Thus, the probability of falling in a

basins for LTM{) is performed. The assignment is restricted specificR basin for a particular aminoacid is empirically de-

to those residues belonging to the famiifit) prescribed to

termined as the number of plotté®, W) points belonging to

have changed theRR basins in the previous iteration. This that R basin and taken from different native folds for the

assignment is based on an inRebasin probability distribu-

specified aminoacid, divided by the total number of plotted

tion of torsional coordinates. In this work we have adopted goints for that aminoaci@l7].

(d, ) plotting for each residue obtained from a structural

(7) For each residuek with 1<k=<N, we compute

database of 163 proteins with 1-A resolution or better, genthe interR-basin hopping probability within timespan
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TABLE I. Normalized lake areas for basins of attraction in the ining the behavior of (t). The familyl(t) becomes progres-
Ramachandran maps for all aminoacid residues, expressed as pefvely smaller as large-scale organization arises and becomes
centage probability or fraction of the total lake area. The total lakeconsolidated. This trend, in principle easing the task of the
area is itself a fraction of theD, W)-torus area Zx2m. Basin 1 gptimization mechanism, is counteracted by the fact that the
contains, among others, the extended Iggaheet conformation,  region of the potential energy surface explored in these later
basin 2 contains the right-handedhelix local conformation, and stages becomes progressively more rugged: After hydropho-
basin 3 contains the left-handed helix local conformation. The roWic collapse, further hydrophobic interactions entail more
labeled “Prec. pro” is associated with any residue preceding prolineand more eX,CIuded volume effedinticontacts because of
(Pro other than glycingGly), which remains unaffected, or proline ., i oompactification. This implies that the short-range re-
itself, which would be thus restricted to basin 1 with 100% prOb'puIsive forces of Lennérd-‘]ones type become ubiquitous, de-

ability. - . . :

fining an increasing ruggedness in the energy landscape and
Ramachandran rendering the optimization method ineffective due to the pro-
typology Basin 1 Basin 2 Basin 3 Basin 4 fuseness of energy traps. . .

Step(4) assumes that the working model for the peptide

Ala-like 0.52 0.40 0.08 0.00 chain is essentially am-carbon backbone model that sub-
Gly 0.26 0.24 0.30 0.20 sumes the geometry of the side chain as an entropic contri-
Prec. pro 0.78 0.00 0.22 0.00 bution, AS,.. This side-chain entropy is conformation de-
Pro 0.51 0.49 0.00 0.00 pendent since a free residue possesses a larger “effective

torsional volume” than a residue engaged in a contact pat-
tern. In turn, the effective torsional volume may be regarded
(t,t+1), P(K) =exp{[2 jycamtUnp(i,i) — TASi,j)} as the product of available unit-circle regions for each tor-
—TAS,(k)]/RT} if the exponent is smaller than zero and sional degree of freedom of the side chain, as shown in Sec.
p(k)=1 otherwise. In other words, the torsional mobility of IV.

a residue depends on the stability of the pattern that may be In consistence with this view, the repulsive Lennard-Jones
disrupted by its inteR-basin hopping. This prescription re- contribution to the nonbonding potential is tailored by re-
flects the essential operating tenet of the loop algorithm: ~ garding each residue as an ellipsoid: the van der Waals'’s
TheR basin hopping rate of a residue depends on the level ofadius of a residue along the virtual fixed-length bond joining
structural engagement of the residue. In turn, the level ofdjacentx carbondg11] is fixed at 1.85 A, that is, half of the
engagement of residuk is quantified by the overall free contour distance between residues. A slightly smaller value,
energy term:= i)yl Unp(i,]) — TASs(i,]) 1= TASy(K). er=1._75A, has been aqlopted_ along the di'rection' of sec-
The backbone entropic contributior; TAS,(K), is neces- ondary interactions. That is so since side chaina imelices
sary to ensure the cooperativity in the emergence of stabler B sheets interact laterally and thus their actual dimensions
long-range organization: If a long-range contact is formeddo not alter the backbone geometry. However, in tertiary
its fragility is due to its high entropic cost. Thus, there will interactions, side chains contribute to increase the effective
be a residuek in the loop region for which the term dimensionry,, of the residue along the direction of interac-
—TAS,(k) will be large and positive thus favoring its inter- tion. Thus, the “orthogonal” van der Waals's radiug,, for
basin hoppinghigh probabilityp(k)]. This hopping will ob-  the residue will be fixed aty,,=2.5A, the average dimen-
viously lead to the concurrent destruction of the long-rangesion of the side chain felt in a “headon” collision.

contact. On the other hand, if the long-range contact emerges

only after several contacts have formed within its putative
loop, the backbone entropy contributienTAS,(k) for any
residuek belonging to the remaining portions of the loop will A nonbonded intramolecular potential is engineered to
be comparatively smalband positive, thus the residuk will ~ search—via steepest descent or equivalent optimization
be less prone to change i& basin. This implies that the methods[16]—for suitable backbone geometries under the
long-range contact formed in a cooperative “hierarchical” constraints dictated by the LTM. This enables us to detect the
fashion is more stable than one formed at a large entropioptimal contact patterns CM’s compatible with a given LTM,

Ill. ENGINEERING AN INTRAMOLECULAR POTENTIAL

expense, in accord with known observatigf an operation that prescribes how the next LTM is to be gen-
(8) To generate LTM(+1), we take into account two erated according to the stefls—(8) defined in Sec. Il.
facts: (@) Unit k changesR basin within timespant(t+1) In order to treat each LTM dX vector ofR basins as a set

with probability p(k), and thus the familyt (t) of residues of constraints within which optimization is performed, we

that change theiR basin in the time intervalt(t+1) is need to penalize energetically departures from the local op-

determined{b) The probability of hopping in residuefrom  timization in the Ramachandran map. Such deviations are

R basinn to R basinm (n,m=1,2,3,4 as applicable, cf. Sec. determined by the influence of nonbonded terms responsible

l) is given by the quotientA(m)/|B(k)—A(n)|, where for the onset of large-scale organization. Thus, the appropri-

A(n),A(m) are, respectively, the lake ardd¥] or microca- ate engineering of a suitable potential is paramount to suc-

nonical entropy areas d® basinsn andm, andB(k) is the ceed in the pattern identification.

sum of all such lake areas for residkea fraction of the total The effective intramolecular potential must be taken to

(D, V)-area 2rX 2m7=472. be U=U,,+Ug, whereU,, is the nonbonded contribution
The structural fluctuations may be investigated by examand Ui denotes an empirical local contribution introduced
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here to penalize deviations from the energy minimum in the
R basin dictated by the LTM. This last contribution is then
given as

UR:_ E UR,j
j=1.N

:j=;..N Ci[1—cog®;—d; ]2

+Gj[1-cog ¥~V )]

Amphiphilic
Cys

= 2 G(@ PGV~ it (D

whereUg ; is the effective local distortion energy at residue Hydrophobic
j, Cj andG; are local elastic modul(il8,19, and®; ,, ¥ o
are the minima in a giveR basin for residug. The moduli
are chosen so that the 5-kcal/mol equipotential contour in the
Ramachandran plot serves as a rim for Ehbasin(cf. [11],
Vol. 1, p. 268. Thus, for a 1-alanine-like residywith three
possibleR basing, the moduli for theR basin 1, containing
the extendeq3-sheet conformation, must be chosen so thatam
an ~80° increment in®; —®; 5 or ¥;— WV, , represents an
energy increase of 5 kcal/mol.

In contrast with any previous treatments of the problem B. The effective solvophobic contributionUs,
[1-6,18, U, is engineered semiempirically to reproduce |n contrast with Coulombic two-body ternj0,21], the
major large-scale nonbonded interactions as well as middlesolvophobic potential is an effective contributi¢p2—24
range or local structural refiners also serving as structuretemming from an entropic solvent effect, and as such it is

Leu

FIG. 3. Set-theoretidVenn-diagram classification of the 20
inoacids.

buttresses, typically excluded from molecular dynamics simulatiqe$
[18]). An effective solvophobic intramolecular potential
Unb=U 3+ Usont Ucout Ugipt Up+ Uss. (2 arises as a result of the entropy-driven solvophobic effect

[23]: The solvophobic association of nonpolar groups is

The terms in the right-hand side of E@) denote, respec- known to be due to the need to minimize the entropy loss
tively, the Lennard-Jones repulsive term determining the exassociated with the ordering of solvent around nonpolar moi-
cluded volume effectW, ;), the effective solvophobic term eties, an effect not compensated by enthalpy-lowering favor-
for the sum of pairwise attractions between solvophobic resiable interactions between the moieties and the solp2fit
dues[17] and pairwise repulsive interactions between polart has been showl4,23—-23 that the net free energy de-
and hydrophobic residues)(,,), the sum of effective Cou- crease due to the formation of a hydropholfieh) contact
lombic ion-pair interactionsWc,,), the sum of nonbonded may be rationalized as a surface-tension eff@®, and as
dipole-dipole pairwise interactions Ugj,), the amide such itis proportional to the change in solvent-exposed area
hydrogen-bond N-H...O=C backbone interactionsU() with a proportionality constant estimated -a78 cal/A2 mol
and the disulfide bridging between Cysysteing residues (cf. [25]). Thus, while for the extended systefprotein
(Us9. moleculersolveny, the h-h association is viewed as entropi-

The determination of each type of nonbonded interactior¢ally driven, the restricted systefprotein moleculgexperi-
is contingent on a suitable classification of the aminoacids, &nces a solvophobic force due to the tendency to minimize
seemingly controversial issue. In this work we have adopted¢he solvent-exposed area. Adopting average dimension pa-
the one given in Fig. 3, which has been obtained by chemicaiameters for the side chains of the amphiphilic or hydropho-
intuition applied in sorting out all types of side chains. bic residue$25], we fix the exposed area change at 4k
contacts between relatively small hydrophobic residéds,
Pro), or between relatively small and relatively large residues
(Val, lle, Leu, Phe, Met, Trp and~70 A? if such contacts

The nonlocal steric hindrances determining the excludedhvolve exclusively the relatively large hydrophobic resi-
volume effect are incorporated as an effective contributiordues. This gives an average energy changdgecontact of
U.,, which penalizes energetically incursions of@parbon  —3.8 kcal/mol and —5.47 kcal/mol, respectively(cf.
into the neighborhood of another as<2r,) ~*? if the ap- [14,17). This semiempirical parametrization enables our
proach is sideways, as in a secondary structure ifit#ifl7,  model to distinguish between “nuclear residues,” that is,
and as (—2ry,,)  ?if the approach is headon and leads to athose instrumental in creating a relatively stable nucleus trig-
favorable tertiary interaction. gering the hydrophobic collaps@/al, lle, Leu, Phe, Met,

A. The Lennard-Jones repulsive contributionU
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TABLE II. Multiplicative table indicating the empirically estimated enthalpic charige adjustable
parameter in our simulatiohgssociated with a putative contact involving different types of residues. The
repulsive interaction between a hydrophotwc very hydrophobigresidue and a polar one is also incorpo-
rated. In the case of two polar residues, only ion pairs involving GAsp, His", Lys*, or Arg" become
meaningful interactions(i,j)=—RT/2) under physiological acidic conditions with<dpH<6 (see text

Very hydrophobic Hydrophobic Amphiphilic Neutral Polar

Very hydrophobic —-5.47 —4.56 —4.56 0 0.96
Hydrophobic —4.56 -3.8 -3.8 0 0.8
Amphiphilic —4.56 -3.8 -3.8 0 0

Neutral 0 0 0 0 0
Polar 0.96 0.8 0 0

Trp) and the remaining hydrophobic residues. On the otheresiduesi andj, i’ andj’, andi” andj”, obtained after
hand, the intercalation of a single water molecule betweemptimization of local torsional coordinates within tieba-
two h-beads(or two amphiphilic beadswould drive them sins that define the LTM.

appart within the range of thermal fluctuatidis’,24], fixed The scaling factora.g and \; have been empirically de-
at r~8 A within the coarse topological description of the termined by calibrating the simulations to reproduce the ear-
backbone inherent to our model. liest intermediatelwhose stability already requires tertiary

To define empirically the solvophobic potential we first contact buttressing along the dominant experimentally
notice that the solvent-exposed area of a hydrophobic or anprobed pathways. Thus, in this work we have adopted the
phiphilic (Cys, Ty residue is reduced depending on the con-values\ ;=0.55 and\;=0.27. This scaling implies that any
tact hierarchy or level of hydrophobic burial to which the residue engaged in a contact hierarchy higher than tertiary
residue belongg25], while the free energy of contact forma- should be considered buried, as the potential energy decrease
tion is linearly dependent on the concurrent reduction of theassociated with further hydrophobic contact becomes of the
exposed area. Thus, the two-body terms for pairs of fre@rder of thermal fluctuations.
hydrophobic or amphiphilic residues adopt the form of a flat The solvophobic tern ¢, also incorporates unfavorable
well in the regionr =5.7—7A, according to typical extreme (repulsive interactions between polar or hydrophillic resi-
distances of secondary and tertiary structure interactiondues(Lys, Arg, His, Asp, Glu, Asn, GIn, Ser, Thiand hy-

[11]. The insensitivity of the results with respect to the dif- drophobic residues, and favorable interactions between am-
ferent shapes of this effective potential holds true provideghiphilic and  hydrophobic  residues. Thus, the
the most favored proximity range 5.7-7 A and the“multiplicative” Table Il gives the potential energy contribu-
negligible-force range>8 A remain invariant. tion in kcal/mol associated with favorable and unfavorable

On the other hand, the burial dependence of the solvophgairwise hydrophobic interactions at the distance range
bic force must be incorporated. Thus, two-body scaling fac5.7-7 A.
tors Ag, A (0O<A{<\g<1) are introduced to account, re-
spectively, for reSidduef? a'Leady engdaQEd in ?eCOdndary 0:’ C. The effective Coulombic contribution U,
tertiary structure and thus having undergone already partia . . .
reductions of their solvent-exposed areas. Because the The effect of ion pairs such as Glu L_ys+ on the stabili-
strength of the contact depends on the reduction of the e Zation of second_ary structure under wilel ranges(2-12
posed area associated with hydrophobic pairing, the resid S bee_n estab_hshed by Ma_quusee and Balda). ThUS’
with the previous highest-order contact hierarchy is the onéSINY o|.|g(_)pept|de probes,_lt has. be_en sh.own than,gn
that determines the strength of the putative contact. Thus, thé > O I, i+4 spacing of ion pairs involving potentially

; ot + + - ~
solvophobic potential for a specific backbone geometry readSn2r9ed residuegHis™, Lys™ or Arg”, Glu™ or Asp') be-
comes a stabilizing factor for am helix commensurate with

the required hydrophobic periodicify26]. For this reason,
Usov™ 2 UsoniiTi)+Xs 2 Usoirjr () our semiempirical treatment incorporates a potential well of
(L) inw (7" in W' ~1 kcal/mol trappinga carbons for ion pairgi,j) with the
appropriate contour spacingj i|=3) and lying within the
A 2 Usourpe(Tinp), (3 typical a-carbon contact range 5.7—7 A.
"7 i w In contrast with the charged groups HjsLys*, and
Arg*, under typical physiological acidic conditions<pH
where W is the family of pairs(ij) of free hydrophobic or <86, a partial counterion titration of carboxylic side chains
amphiphilic residues along the chain wijte:i +3, W' isthe  (Asp™, Glu") is assumed to occur, rendering their two-body
family of pairs withat least oneresidue in the pair engaged repulsive coulombic interactions negligible at all spatial
in secondary structure, al” is the family of pairs withat ~ ranges beyond their effective van der Waals’s radii. Their
least oneresidue in the pair engaged in tertiary structure: ancempirical charges defining the long-range Coulombic forces
rij, rirj-, andrisj» are, respectively, the distances betweenare modulated accordingly so that their repulsive energy be-
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comes meaningful #RT/2) under alkaline physiological
conditions in the absence of counterions.

D. The nonbonded dipole-dipole contributionU gy,

In order to account for the structural tuning due to non-
bonded dipole-dipole piling interactions ia helices, we
have incorporated a sum of products of elastic contributions
responsible for helix refinement ¢, ¥) coordinateg(cf.
[27]). Theith term of the sum indicates a structure refine-
ment propensity towards the optimal helix coordinates
(®y,,¥y) in the contour intervali(i +4). This propensity is
enforced only if the aminoacids in that interval lie within a
certain threshold value of the optimal coordinates. The
threshold must obviously warrant that the units lyingRn
basin 2 will not abandon this basin throughout the optimiza-
tion process. The mathematical expressions for such a refiner
read

FIG. 4. Scheme of one of the twa priori possible H-bond
interactions between residueandj with |j-i|=4. The interaction
Udip:A 2 D(i)Udip(ivi +4), 4 is distinguished by the identification of the amide proton donor
i=1,..N which, in the case illustrated, is residie

Di)= [I xi (@, %) (5) buttresses rather than determinants of the chain topology. In
i=igea ! this sense, we have engineered (@ two-body potential
energy contribution,
with
. Uy= Uyii= Ui T Unii), 8
Xir (@ Wi)=1 if |®,—dy<A : 43;:4) il 421:4) (Untij + Ui ) ®
and |, —W¥,|<A whereuy, j; denotes the energetic contribution resulting when
residuel is the donor of the amide proton and residugthe
Cd. W) — . donor of the carboxylic oxygen electron padsee Fig. 4,
and xi (i, i) =0 otherwise; ©  Lhile un ;i denotes the alternative contribution in which resi-
duej is the donor of the amide proton and residyehe
and
acceptor. Thus, we have
Udip(i,i+4)=K{ > c(i’—i)[(cosd; —cosdy)? Unij=Fu(r DG 1), U ji=Fu(r)-Gu(af', 1),
i"=1,..j+4
9

+(cos¥;, —cos¥)?]|. 7) Gu(m' p))=—2 Kcal/mol

+0.001 Kcal/mol dejcos *(puf'- u)12.

The threshold valué&~22° and the elastic modul€ ~ (10)
—1.8kcal/mol are adopted to determine the+3 andi,i
+4 contributions to the modulation of torsional Coordlnates-l—he variables-ﬁ', M.H Mio denote, respectively, the distance

leading to helix refinement without outcompeting othery,.iveen the ellmide hydrogen atom of aminoacihd the
structural motifs. Thg relative weights of such contributionscarbony| (G=0) oxygen atom of aminoacifi the N—H
[27] have been aIsc_) |n_c0rpor§\ted:1)=0, c(2)=0.5,¢(3) oriented bond unit vector and the=&C oriented bond unit
=1, c(4)=0.4, as indicated in Eq7). It should be noted \ector of aminoacig (cf. Fig. 4. In this notation, the depar-
that the (,i+4) cumulative N—H---O=C hydrogen bond-  y,re5 from collinearity are given in degrees and measured by
ing contribution to the fine tuning and refinement(d¥, V) he quantity cosl(u- x°). In the case of a perfectly collin-
helix coordinates reinforces the dipole-dipole nonbonde ar N—H- - -O—C h)l/drojgen bond between unitandj, both
contribution. unit vectorsg' and u’ are colinear fg'- p’=1). The term
N ) —FH(ri'?) represents an inverted normal bell potential well
E. The empirical hydrogen-bond potential Uy, of depth—1 with two inflexion points at{/=1.8A and 2.4
As stated originally by Pauling and co-work€28,29, A, representing typical minimal and maximal H-bond dis-
hydrogen bonds restrain the peptide chain to its native cortances, and vanishing in the regimﬁ< 1.4A, ri'?>2.8/1\
formation. Thus, such bonds will be regarded as structurg28,29.
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The strain energy associated with departures from TABLE lll. Side-chain torsional entropy parametexponent)
N—H-: --O=C collinearity is known to weaken the H bond indicating the number of torsional degrees of freedom of the side
[28]. This fact is reflected in an energy increase from thechain.
optimal AAH value fixed at—2 Kcal/mol (AAH refers to

the enthalpy difference between amide H bonding with water Side chain entropy exponefy)
and helicali-i +4 H-bonding in a solvent-excluded environ- Ala 1
mend [29]. As indicated in Eq.(8), a semiempirical qua- val 3

dratic factor has been adopted to model such an energy in-

. Leu 4

crease as a function of the angular departure from le 4
collinearity. The form of this semiempirical angular factor

. . . . Gly 0

and the quadratic form of the angular distortion energy given Pro 0

in Eq. (10) have been adopted earlier by Pauling and Corey
[28]. Cys 2
The stabilizing effect of hydrogen bonds within a hydro- Met 4

phobic environment is more pronounced for fhrsheet mo- His 2
tif than for thea helix [29]. This enhancement is effectively Phe 2
modeled since the potential well FH(rfj') reaches its mini- Tyr3
mum at theg-sheet value /=1.8A, while it is some 40% Trp 2
higher at thea-helix valuerj=1.9A. Asn 2
Gln 3

F. The disulfide potential Ugg 'Ii?rr:

This term is treated as an effective hydrophobic weill Lys 5
Sec. Il C[7-10,17) associated exclusively with the pairs of Arg 6
amphiphilic Cys residues. The depth of the well can be Asp 2
modulated according to the chosen redox conditions in the Glu 3

solvent. Such a depth will in turn determine whether or not
the disulfide chemistry will entrain or subordinate the folding
process, a situation which, like the sl@is-transisomeriza-
tion of the peptide bond adjacent to prolipEl], requires
special modeling beyond the scope of this work.

whereq~2.8(cf. [14,30,3]) is a side-chain torsional restric-
tion factor that holds whenever a free residue becomes en-
gaged in a hydrophobic contact. This restriction factor has
been selected so that the net free energy change associated
IV. THE SIDE-CHAIN ENTROPIC CONTRIBUTION  ASq, with a single hydrophobic contact is of the order-et kcal/
mol [31].
Ours is an effectivex-carbon model and as such it does

not incorporate explicitly the side-chain geometry. Rather
side-chain torsional motion is integrated out as an entropic
contribution that depends on the backbone conformation. \We carried out 60 runs, each comprised o918’ itera-
Thus, letAS(i,j) denote the change in side-chain confor-tions (reaching the 96(s timespanof the type indicated in
mational entropy associated with tkig)-contact formation.  Fig. 2 and described in Secs. Il-IV farammalian ubiquitin
ThenASg({i,]) is given by [32-37, anN=76 globular protein with no disulfide bridges

(Uss=0 at all times. The specified solvent conditions para-

Fy = metrically relevant to our modé€tf. Sec. ll) are T=308K
ASdLD ngij m=1,2...£(k) LW/ Q] (1D andpH=4.5. The most representative coarsely defined path-

way, reproduced in 22 out of the 60 runs is displayed at the
Here m=l,,§(k) labels the different side-chain torsional CM level in F|gs 5a)_5(f) The reproduction was never
degrees of freedom for residue and W ., represents the perfect but satisfactory if we allow for a coarse-grained CM
perimeter measure of the portion of unit circle available tospace, identifying CM’s lying within a 1% Hamming dis-
themth torsional variable for residuewhen engaged in the tance from each other, and coarse-graining time to within
(i,j) pair, while{), =2 represents the “torsional volume” 128-ps intervals. Thus, the favored pathway is reproducible
available to themth degree of freedom for the free residue  to within a Hamming distance of 1% between CM'’s of the
The ¢ values for each kind of residu&able Il1) are obtained compared pathways and to within a 128 ps time interval for
by counting the number of unconstrained dihedrals of they given CM within a 1% Hamming distance from the CM of
side chain in the free residue. The following expressionthe selected pathway.

valid only for the engaged hydrophobic residues, has been The six snapshots given in Figsab-5(f), were obtained,

V. RESULTS

adopted to simplify the computations, respectively, at 180 ns, s, 1.9us, 10us, 200us, and 960
us. The first twd Figs. 5a) and gb)] correspond to a highly

H [Wi i/ Qe m]~q®, (12) fluctuating stage of the process where portions of secondary

m=1,..£(k) ' ' structure never manage to be stabilized for more than 10—
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FIG. 5. (a)—(f) Six snapshots of the time evolution of the contact matrix fmammalian ubiquitin (N=76, pH=4.5, T=308 K)
obtained, respectively, at 180 nsu$, 1.9us, 10us, 200us, and 96Qus. Dark square entries indicate distances of less Th& while gray
entries indicate distances in the ranger’<8.2 A.
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(a) (b)[Resdue |1 J2 |2 |¢+ 5 [6 F [6 [8 o it Ji2 i3 Jis Jis [is [i7 Jie [is

R-basin |3 2 A\ 1 1 2 2 1 1 2 2 1 2 1 1 |2 1 3 2

(] 76.1 |-75.8 |-123 |-119 |-118 |-828 |-84 |-77.6 |-141 |-843 |-78.7 |-143 1626 |125 |-61 |-77.2 |-77.8 |93.2 | 666

v -1.81 |1.18 111 |113 [110 |4.893 |-1.59 [135 (136 |1.48 [1.26 |132 |32 117 |122 |-33 |138 |-6.69 |-47

Residue [20 |21 |22 23 24 |25 |26 |27 |28 |29 |30 |31 32 [33 34 3/ 3% |37 [/ |38

R-basin |1 2 2 1 1 1 3 1 1 1 2 2 1 2 1 1 1 1 1 1

(] -73.9 |56.9 |-82.9 |-80.6 |-77.4 |-141 |77.9 |63.4 |-135 |-77.6 |81 |55.1 |-75.9 |-50.3 |-138 |-75.2 |-138 |-136 |-136 |-120

¥ 133 |44.2 [-3.97 [132 [134 [140 |-4.4 |114 |138 |133 055 |-27.6 [134 }-485 |134 [138 |130 [135 |132 114

Residue [40 |41 42 |43 |44 |45 46 47 |48 |49 [S0 |51 |52 |53 |54 |55 |56 |57 |58 |58

R-basin |3 1 1 1 2 1 1 4 1 1 2 1 2 2 2 3 3 3 3 2

] 895 [136 |-75.3 |-78.2 |-55.8 |-143 |-141 |63.5 |136 |-76.4 |-61.1 |-118 |-57 |55 |53 |58 |[58.4 558 [55.2 |-76.7

b4 -1.84 1134 133 |136 [-28 [133 [133 |-120 [140 [138 |33.3 [113 |-24.7 |-30.4 |535 [424 |46.9 [58.5 [26.4 |3.94

Residue |60 |61 |62 63 |64 |65 |66 |67 |68 |69 |70 |71 |72 |73 |74 |75 |76

R-basin |1 i 2 1 3 2 1 3 2 2 2 2 1 1 1 4 3

(] -77.3 |-139 |-55.7 |-71.5 |57 |-57.6 |-62.5 |61.6 {-B2.3 |-55.1 |-86.6 |-80.8 |-138 |-143 |-119 |76.3 |57.7

v 136 132 |-46.1 [133 [47.9 |-405 |122 |48 253 |-46.8 |-6.65 |-1.48 {138 [133 |118 |-86.2 |58

FIG. 6. The optimized backbone geometsy and its associated LTNMb) for the collapse-inducing kernel conformation wbiquitin
obtained at 1.s.

100 ns. For instance, the nati(20-33 « helix stabilized by  evant experimental work supporting the topological collapse
ion pairs, does form in the 100 ns+& range but, due to the scenario[38,39, we believe that the hierarchical picture of
absence of tertiary structure buttressing, it does not prevalbcal propensities biasing the subsequent large-scale organi-
for over a tenth of lus. This fluctuating state of folding zation[6,13] might need revision, at least for small globular
extends over to the submillisecond, and has been probed eproteins such asnammalian ubiquitinThe local structures
perimentally using proton exchange labelifi82—34 and cannot be sustained by themselves to bias long-range orga-
circular dichroism techniqud85]. The former probes reveal nization.
no significant amide H-bond NH---O=C) formation The most striking feature of thel &) plot is the fact that
(Fig. 4 up until the 5-10us range, suggesting that the pep- a drastic quenching of structural fluctuations occurs at 1.9
tide backbone is highly exposed to the solvent even duringes. This quenching coincides with the formation of the
early folding stages traditionally attributed to secondarynucleating topology that induces the hydrophobic collapse
structure formation. Indeed, we find that no stable secondaryFigs. 5c) and §. These facts are in full agreement with
structure forms until a collapse-inducing topolddpigs. 5c) experimental observations and related parad$38s39 in
and § is formed. This nucleating state contains portions of
secondary structure stabilized by tertiary scaffolding and fa-
vors the hydrophobic collapse since it involves significant
tertiary buttressing of kernels of secondary structure. The
occurrence of this nucleating event is marked by the pro- /\
nounced decrease in structural fluctuatioid8-42, as 40 —
marked by the time-dependent cardinal of the Ig¢}, de- _,\
) . ) #I(t)
noted # (t), which undergoes a drastic decrease in the 1-1C v
us timescaldFig. 7). 20 I
Furthermore, these findings seem to fit with earlier experi- \
ments[38,39 that reveal that structure formation is induced
by an initial search for the “right”(collapse-competento-
pology. We may add that secondary structure formation is 0
not an all-or-none process, where such motifs might be founc -8 -7 -6 -5 -4 -3
in isolation. Rather, secondary structure should be viewed ir
isolation as a fluctuating entity with a highly exposed back-
bone prone to proton exchange within experimental time G 7. The level of structural fluctuations at different stages of
resolution. Such fluctuating objects can only be stabilizedo|ding, as marked by the cardinal oft)[#I(t)] averaged every

once the buttressing provided by tertiary structure comes int@ooo iterationgor resolved at the 10-ns leyelThis quantity gives
place concomitantly with the formation of kernels for sec-the number of residues changing thBitbasin at iteratiort, here

ondary structure developmelftigs. 5c) and §. In the light  plotted as a function of real time. The results correspond to the most
of our own findings, nucleation mode[g0—42, and rel-  favored and most reproducible pathway.

log,o(t/1s)
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TABLE IV. Predicted stable LTM's for three natural proteins with PDB accesion codgd, 11bqu, and 1b0g obtained using the
geometry-mediatedr-p algorithm described in this work. At this level of topological resolution, the predicted structurateatizal to the
native structures.

File name: pdblkpt.ent-Sequence: A-Model: 1-Number of units: 105

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
LEU GLY ILE ASN CYS ARG GLY SER SER GLN CYS GLY LEU SER GLY GLY ASN LEU MET VAL
3 2 1 1 1 1 1 1 2 2 2 2 2 1 1 3 1 2 2 2

21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40
ARG ILE ARG ASP GLN ALA CYS GLY ASN GLN GLY GLN THR TRP CYS PRO GLY GLU ARG ARG

2 2 2 2 2 2 2 2 1 2 2 1 1 1 1 1 4 1 1 2

41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60
ALA LYS VAL CYS GLY THR GLY ASN SER ILE SER ALA TYR VAL GLN SER THR ASN ASN CYS

1 1 1 1 2 1 3 1 1 1 1 1 1 1 1 3 1 2 1 1

61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 7 78 79 80
ILE SER GLY THR GLU ALA CYS ARG HIS LEU THR ASN LEU VAL ASN HIS GLY CYS ARG VAL

1 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 3 1 2 2

81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 100
CYS GLY SER ASP PRO LEU TYR ALA GLY ASN ASP VAL SER ARG GLY GLN LEU THR VAL ASN

1 3 1 1 1 2 1 1 3 1 1 2 2 1 3 1 1 1 1 1
101 102 103 104 105

TYR VAL ASN SER CYS

1 1 1 1 3

File name: pdblbqgv.ent-Sequence: No name-Model: 1-Number of units: 110

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
MET GLU CYS ALA ASP VAL PRO LEU LEU THR PRO SER SER LYS GLU MET MET SER GLN ALA
3 1 1 1 1 3 1 - 1 1 1 2 2 1 1 1 1 1 2 1

21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40
LEU LYS ALA THR PHE SER GLY PHE THR LYS GLU GLN GLN ARG LEU GLY ILE PRO LYS ASP

1 2 3 1 2 2 2 2 2 2 2 2 2 2 2 3 1 2 2 1
41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60
PRO ARG GLN TRP THR GLU THR HIS VAL ARG ASP TRP VAL MET TRP ALA VAL ASN GLU PHE

1 2 1 2 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 1
61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80
SER LEU LYS GLY VAL ASP PHE GLN LYS PHE CYS MET SER GLY ALA ALA LEU CYS ALA LEU

3 1 1 3 1 1 2 2 1 1 - 2 2 2 2 2 2 2 2 2
81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 100
GLY LYS GLU CYS PHE LEU GLU LEU ALA PRO ASP PHE VAL GLY ASP ILE LEU TRP GLU HIS

2 2 2 1 2 2 2 2 1 2 2 2 2 2 2 2 2 2 2 2
101 102 103 104 105 106 107 108 109 110

LEU GLU ILE LEU GLN LYS GLU ASP VAL LYS

2 2 2 2 3 1 1 1 1 3

File name: pdb1b0g.ent-Sequence: B-Model:1-Number of units: 100

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
MET ILE GLN ARG THR PRO LYS ILE GLN VAL TYR SER ARG HIS PRO ALA GLU ASN GLY LYS
3 1 1 1 1 1 1 1 1 1 2 1 2 1 1 1 1 1 4 1

21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40
SER ASN PHE LEU ASN CYS TYR VAL SER GLY PHE HIS PRO SER ASP ILE GLU VAL ASP LEU
1 2 1 1 1 1 1 1 1 3 1 1 2 2 1 1 1 1 1 1
41 42 43 44 45 46 a7 48 49 50 51 52 53 54 55 56 57 58 59 60
LEU LYS ASN GLY GLU ARG ILE GLU LYS VAL GLU HIS SER ASP LEU SER PHE SER LYS ASP
1 1 3 4 1 1 1 2 1 1 1 1 1 1 1 1 1 2 2 1
61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80
TRP SER PHE TYR LEU LEU TYR TYR THR GLU PHE THR PRO THR GLU LYS ASP GLU TYR ALA
3 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 1 1 1 1
81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 100
CYS ARG VAL ASN HIS VAL THR LEU SER GLN PRO LYS ILE VAL LYS TRP ASP ARG ASP MET

1 1 1 1 1 2 1 1 2 1 1 1 1 1 1 1 1 2 1 3
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the sense that the backbone exposure to the solvent in tlieproduce the folding kinetics, and predict native folds of
microsecond timescale is as high as in a random coil conforproteins.
mation, in sharp contrast with what would be expected for Ours is a self-consistent model that does not truncate con-
typical time scales of secondary structure formation. Thusformational detail or discard potential energy contributions.
the results given in Fig. 7 corroborate the “topological Rather, it regards them hierarchicallwhich by no means
nucleus scenario” foubiquitin and lead us to infer that fold- imply that we are assuming that folding itself is hierarchical
ing might not proceed hierarchically from local to large-scalein going from local to large-scale organizatjofn essence,
organization, nor does it operate through a diffusion-collisionour model subsumes fast-evolving variables into conforma-
expedient in which secondary structure is stabilized by largetional constraints that in turn serve as the framework for
scale eventp43]. Rather, it proceeds by loosely searching forlarge-scale organization. Thus, our approach takes into ac-
the right topology in the form of a collapse-inducing nucleuscount the fingerprint of folding dynamics: The enslavement
whose formation produces the quenching of structural flucOr subordination of torsional motion to a coarsely defined
tuations. flow in conformation space in which local torsional states are
Figures %d) and 5e) contain most of the native second- viewed modulo the basins of attractioR basing to which
ary and tertiary structure, especially tjfesheet motif con- they belong in the Ramachandran maps. In simple words, we
tained in the(2-8)x (10-16) region, thé20-33 « helix, the ~Make use of the fact that local torsional exploration is
B-sheets containing th@5-38, (40-45, (47-51) strands, as heavily constrained by the R basin the residue is in at a given
well as the native tertiary interactions in the region (14-27)time. Thus, the torsional dynamics must in fact rely on the
X (52-65) and the tertiary native contacts in the regionSlower process of interbasin hopping.
(43-48)x (63-71). The level of structural fluctuation associ- ~ This coarse “topological” dynamics that underlies the ac-
ated with this stage of organization of the chéi@—200us)  tual conformational search of the protein is generated by a
is about half of the level of fluctuation before the collapse-Pattern-recognition-and-feedback iterative sequence in which
inducing topology had formeFig. 7). This fact is marked the roughly defined state of the chain is periodically evalu-
by a quasiplateau in the submillisecond range indicating n@ted to detect patterns that are topologically compatible with
major structural rearrangement. The final stage of the foldingtructural forms. Once any such pattern is identified, its own
process is the consolidation and refinement of secondarfjme evolution is slowed down with respect to free residues
structure with concomitant formation of the most entropi-Of the chain. For complex proteins such as the one adopted
cally expensive tertiary interaction: The paral@kheet en- @s an illustration in this work, the pattern identification be-
gaging the(60-67) 8 strand and the initial extremit{2-6) of ~ cOmes unambiguous only if its recognition is mediated
the peptide chaifiFig. 5(f)]. f[hro_ugh geometric realizations of the topology. These real-
The success of our method may be assessed by observiigtions have been obtained by optimizing a semiempirical
that the CM predicted to correspond to the stable fsig. 5  Potential. In turn, this potential subsumes conformational de-
(f)] is identical to within a Hamming distance of 0.58% to tail of side chains, which is not explicitly present in the tor-
that of the native fold obtained from Protein Data BankSional dynamics we intend to reproduce.
(PDB) file for the same primary sequen¢accession code  The power of our method as well as its physical sound-
1ubi). Other predictions for moderately large proteiig ( Ness is evidenced by its predictive potential to generate na-
~100) under the same conditions reveal similar levels ofive folds, expedient pathways and reproduce experimentally
success at the level of contact pattern resolution and evepfobed kinetic features.
higher at the topological level of resolution: The stable The research reported in this work suggests that for many
LTM’s for the species with PDB accession codekpi,  Proteins a crucial step in triggering hydrophobic collapse

1bqau, and 10g areidenticalto those of their native folds C€ONSists in finding the right topology that may potentially
(Table IV). scaffold the otherwise flickering secondary structure dictated

by local or middle-range propensities. This experimentally
probed scenario is far more generic than originally thought
[36,38,39. Thus, a concurrent issue that will be addressed in
futhure work is the identification of the residues that partici-
Any approach to the protein folding problem must recon-pate in the formation of the collapse-inducing nucleus. These
cile the vast spectrum of structural detail of the peptide chairhot spots may be probed by site-directed mutagenesis, as
with the known expediency of the folding process. This cru-done with CI2(cf. [44]). Our strategy to detect the hot spots
cial property suggests an initial easy-to-rectify loose searcinay be sketched as follows.
for a “correct topology” in the form of a roughly defined (a) First find out whether there is a drastic quenching in
nucleus with few intramolecular hydrogen bonds and astructural fluctuations along the folding process, as in the
highly exposed backbone, which is nevertheless competesystem described in this work. This event will be marked by
in inducing the ultimate hydrophobic collapse. This scenarica sudden decrease in the number of residues changing R
is discernible in recent kinetic experimeh®8,39 as well as  basin (#(t)). If this decrease takes place, record the time
in theoretical model§40—-43. This work dealt rigorously t=t* at which it occurs.
with this picture by underlying its physical foundations and (b) For residuen, determine the quantity(n)=time it
turning it into an ansatz upon which an algorithm has beertakes for residua to cease performing interbasin hopping.
implemented to infeab initio conductive folding pathways, (c) Identify those residues such thign)<t*. These are

VI. CONCLUSION
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