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Folding a protein by discretizing its backbone torsional dynamics
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The aim of this work is to provide a coarse codification of local conformational constraints associated with
each folding motif of a peptide chain in order to obtain a rough solution to the protein folding problem. This
is accomplished by implementing a discretized version of the soft-mode dynamics on a personal computer
(PO). Our algorithm mimics a parallel process as it evaluates concurrent folding possibilities by pattern
recognition. It may be implemented in a PC as a sequence of perturbation-translation-renormalization (
cycles performed on a matrix of local topological constraiif§M). This requires suitable representational
tools and a periodic quenching of the dynamics required for renormalization. We introduce a description of the
peptide chain based on a local discrete variable the values of which label the basins of attraction of the
Ramachandran map for each residue. Thus, the local variable indicates the basin in which the torsional
coordinates of each residue lie at a given time. In addition, a coding of local topological constraints associated
with each secondary and tertiary structural motif is introduced. Our treatment enables us to adopt a computa-
tion time step of 81 ps, a value far larger than hydrodynamic drag time scales. Folding pathways are resolved
as transitions between patterns of locally encoded structural signals that change withinug#elDD ms time
scale range. These coarse folding pathways are generated by the periodic search for structural patterns in the
time-evolving LTM. Each pattern is recorded as a contact matrix, an operation subject to a renormalization
feedback loop. The validity of our approach is testesta-visexperimentally-probed folding pathways even-
tually generating tertiary interactions in proteins which recover their active structure inandep renaturation
conditions. As an illustration, we focus on determining significant folding intermediates and late kinetic
bottlenecks that occur within the first 10 ms of the bovine pancreatic trypsin inhibitor renaturation process. The
probed cooperativity and nucleation effects, as well as diffusion-collision stabilization of secondary structure
are shown to result from the persistence of relatively stable patterns through successive €ycles, thus
acting as seeding patterns for further growth or hierarchical developh8t63-651X99)10504-X]

PACS numbegs): 87.15.He, 87.16-¢e, 87.15.Nn

I. INTRODUCTION AND OUTLINE OF THE WORK encyof the folding proces$9,10]. Recently, a considerably
large computation time step of the order of 10-15 ps has

This work deals with a coarse computation of the long-been reached by taking into account the adiabatic ap$atz
time limit in the dihedral torsional dynamics of a peptide leading to the elimination of hard modéstretching vibra-
chain and its bearing on the folding process of a naturations and angular planar vibrationand restricting the dy-
protein. This limit is studied by introducing a discrete codi- namics to the soft-mode manifold of dihedral torsional mo-
fication of the set of local conformational constraints re-tions [12]. Thus, computations taking into account the
quired to form each folding motif. We aim for a rough the- geometry of the soft-mode manifold have been actually car-
oretical understanding of the microscopic expedient byied out[13]. Such computations have made the microsecond
which natural proteins fold into their active conformation timescale accessible, thus elucidating the nature of early
underin vitro renaturation conditions. Our approach is basedolding events. We must go one step further in our simplifi-
on a discretization of the torsional states of the chain takingation of the chain dynamics: The 1-10 ms time scale must
into account the dominant rotameric forni®rsional iso- be made accessible in order to encompass folding events
merg for each residue or unit. We focus on proteins thatrelevant to the global hydrophobic collapse, formation of the
recover their activity as a result of the actual dominance omolten globuld 2], and other meaningful kinetic bottlenecks
folding pathwayq1-8] under appropriate renaturation con- [4,7,8). This is precisely the aim of this work.
ditions. The discretized torsional dynamics makes it neces- In a preliminary step towards implementing the required
sary to cast the folding process as the evolution of patterns afemiempirical treatment on a computer, a basic representa-
locally codified signals, the recognition of which is an inher-tional tool, the local topological constraint matiikTM), is
ently parallel operation in which patterns are translated anéhtroduced. This matrix coarsely describes the torsional state
registered on a contact matricM). of the each residue or unit of the chain in a particular con-

The vast gap between the time scales accessible to méermation. This is done by indicating the basin of attraction
lecular dynamics computations, typically in the rangewhere the local torsional state of the chain belongs at a given
10712-10°° s, and those inherent to transitions betweentime. Each basin represents a distinctive rotamer or torsional
contact patterngéCP’s) formed by the chain, typically in the isomeric state for a single unit in the chain, and there are
range 1qus—1G s, suggests the need forsemiempirical only 2—4 such basins per residue. This fact considerably sim-
treatment to elucidate the microscopic origin of #wedi- plifies the dynamical analysis of the folding problem. In
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other words, conformations are locally viewed modulo ba-

. . - . - . L Codified Ramachandran Maps
sins of attraction within which equilibration is incommensu-

rably fast compared with folding time scalg3. |2
The previous argument suggests that a rough computation ] [ T+ ﬁ
of the folding process requires three basic operations:
(@) an operation prescribing time-dependent rules for the L] 3] [G— 4

evolution of the LTM; (b) the periodic evaluation of the
LTM in search of concurrent folding possibilities; afg) an
operation linking the latest LTM evaluation with the genera-

tion of new LTM’s according tda). Thus, an actual compu-

tation would require a parallel algorithm. Accordingly, this L1 [ L]
algorithm is described to within an implementation level in H
Secs. II-IX. Section Il introduces the representational tools

required to define the LTM. Sections IIl and IV describe the In \Y,

gr:;ieor?:tl\ly_evﬂf tri]\?eb?hic rz?:sra:;?aﬁa);é%r?r:\i/r?n ;bO\;?rﬁ ) FIG. 1. Discrete codification of local torsional states of ami-
9 e he € noacids(residue by indicating the basin1, 2, 3, or 4 in the

evolution of the LTM, while Secs. VIl and IX describe how Ramachandran map where the torsional coordin&tdslie. There

the algorithm actually works within a parallel architecture, are four types of maps I-1V, depending on whether the residue is
reproducing basic features of the folding process. alanyl-like (1), glycine(Il), precedes a prolin@ll), or proline(1V).

The rest of the work is devoted to an actual implementaThus, a Ramachandran discrete varia®{g,n)=1,2,3,4, indicates
tion of the inherently parallel algorithm described in Secs.the basin for theath residue in the conformation roughly defined by
[I-1X on a personal computegiPCO), that is, on a sequential the LTMYy.
machine within a conventional architecture. The PC imple-
mentation makes our results reproducible. It requires, in turnformation to its biologically competent folding. This illustra-
three basic consecutive operations that represent the sequéion reveals the microscopic features of torsional dynamics
tial or conventional counterpart of the parallel operationsthat are responsible for the expediency and robustness of the
(a)—(c) given abovePerturbingthe LTM, reading or trans- ~ protein renaturation process under realistic physiological
lating it into a CM, andrenormalizingthe chain in a way that ~conditions.
affects the way in which new perturbations of the LTM are  The layout of this work, although intricate, is a natural
applied. The LTM must be occasionally frozen in the se-one. Many concurrent folding possibilities may occur in a
quential PC in order to perform the last two operations. Allflexible peptide chain at a given time and thus the analysis
three operations naturally form a feedback loop or cycleMust be, in principle, parallel, as described in Secs. I1-IX.
In turn, the loop is iterated to generate the coarse torsiona\'rjowever* to make our results reproducible, we must present
dynamics. Formally speaking, we identify a favored them on a conver_ntlonal computer arghnecture _sunable for a
folding pathway by iterating a perturbation-translation- PC. This is done in Secs. X—XI and illustrated in Sec. XII.
renormalization j-t-r) cycle.

The perturbatipn operation its_elf is implemented so that' it Il. DISCRETIZED CODIEICATION OF LOCAL
coarsely determines the dynamic flow of the system by its  1org|ONAL STATES OF THE PEPTIDE CHAIN
iterative application on the LTM. The translation operation is
inherently a pattern recognition step and as such searches for To specify the context referred to above, we shall coarsely
folding patterns in the LTM. Each folding pattern is recordeddefine the conformation manifold to determine a discrete
in a CM if and only if all local torsional constraints required version of the soft-mode dynamics of the peptide chain. To
to form the pattern are fulfilled and the putative interactingreach this goal, we shall codify the local torsional state of a
contour regions are matched in terms of their hydrophobicfesidue according to the basin of attraction where its two
ity. Thus,the fulfillment of torsional constraints emerges astorsional dihedral coordinateB, V¥ lie within a local poten-

a consensus window in the LTHinally, the renormalization tial energy surface, the so-called Ramachandran[héjp as
operation redefines the chain contour distances and torsionidicated in Fig. 1. In essence, the Ramachandran map gov-
time scalewis-a-visthe latest CM translated. This is done in erns the local torsional dynamics of a single aminoacid resi-
such a way that the torsional degrees of freedom engaged due of the peptide chain. Such dynamics is not correlated to
the latest CM recorded have a longer evolving time scaléhose of nearest-neighbor residues due to the torsional rigid-
than free residues. Thus, preexisting structure is rightly reity of the backbone bond in between residiiéd]. These
garded as ametastable seeding pattern or kernel upon considerations lead us to naturally define a “Ramachandran
which structure-growth steps may take place in accord withvariable,” denotedR(y,n), indicating the basin of attraction
the nucleation scenarios for protein structure formafigb].  of residuen in the conformation coarsely defined by the

The sequential implementation on the PC of the inheriTM vy.
ently parallel folding algorithm following the tenets given In our codification of the local torsional dynamics we
above is expounded in detail in Secs. X and Xl of this work.classify residues or aminoacids as followd:-alanyl-like,

In turn, Sec. XIl is devoted to an illustration of our approachglycine, proline, and any residue preceding prolire. 1).
by elucidating the favored folding pathway for the protein Thus, since an alanyl-like residue with contour positidmas
bovine pancreatic trypsin inhibit@BPTI), from the coil con-  three basins of attractiofil4], we would get three possible
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FIG. 2. (a) LTM consensus window for a minimg-sheet struc-
tural motif. (b) LTM consensus window for a right-handed
a-helix turn interrupted by a prolinéand a residue preceding pro-
line).

values depending oy:  R(y,n)=1,2,3, while if glycine is
at the nth position, we would geR(y,n)=1,2,3,4, again
depending ory. On the other hand, if proline happens to be
the nth residue, we would geR(y,n)=1,3, while if thenth
residue precedes proline, we would obtRify,n)=1,2. This
codification is consistent with the existence of local torsional
isomers coarsely represented as basins of attraction in the
Ramachandran plofd4]. Generically speaking, we intend to handedw helix [14]. (d) We perturb the LTM by simulat-
solve the folding problem by translating and renormalizinging interbasin transitions according to fixed transi-
evolving patterns of locally encoded structural signals. Oution probabilities to coarsely simulate the torsional isomer-
goal is to provide a consistent dynamical picture in whichjzations. (e) At fixed time intervals we search faonsen-
long-range intrachain interactions are determined by a set @Gfus regions (pattern$ of torsional isomers along the chain
local torsional constraints. (Figs. 2 and R By consensus we simply mean regions of the
As shown in the following sections, the shortest meanchain where the local topological constraints associated to
time for a change in the patterns is of the order of 81 ps, ahe formation of a particular folding or structural element are
value far larger than the hydrodynamic drag time scale okatisfied. In this way, a consensus window emerges as a pat-
15 ps adopted in the continuum soft mode analy$&15.  tern of structural signals encoded locally along the ami-
This considerably longer time step for the evaluation of thenoacid sequence. The broad latitudeom 30° up to 60°,
LTM by pattern recognition techniqug46], together with  [14]) in local torsional coordinates within the Ramachandran
the coarser level of structural resolution makes time scaleBasin[14], and the vast structural distorsion it leads to, im-
relevant to folding computationally accessible within the pre-plies that the discrete codification cannot be implemented at

FIG. 3. ALTM consensus window for the complex three-strand
|antiparaIIeIB-sheet motif shown.

determined level of accuracy. the geometric level. Rather, the interbasin transitions are
meant to mimic changes in the local topological constraints
IIl. OUTLINE OF A PARALLEL COMPUTATION to which the flexible chain is Subject in order to reach spe-

OF COARSE SOFT-MODE DYNAMICS cific structural patterns. (f) We evaluate and translate such

patterns into a CM evolving within the time scale range 10

Following the tenets expounded in the previous sectionys—10 s. Thus, translation becomes a pattern recognition and
the discretized torsional dynamics may be computed accordherefore, a parallel operation taking place at regular inter-
ing to the following formal scheme:(a) We introduce a vals. Each pattern within an LTM emerges with a certain
ternary variable G(n)=1,2,3 indicating, respectively, probability that is effectively computed as the number of
whether thenth residue along the chain is hydrophobic, neu-evaluations of the LTM that yield the particular structural
tral or hydrophilic (polap. (b) We determine the type of motif associated to the pattern divided by the total number of
Ramachandran pldi—IV), as indicated in Fig. 1, for each evaluations of the same LTM.(g) The translation operation
residuen=1,... N. (c) We define an LTMy by two rows is subject to a feedback loop, whereby a renormalization op-
{R(y,n),G(n)} -1 . . n, as illustrated in Figs. 2 and 3. eration readjusts the basin mean transition frequencies ac-
Thus,R(y,n)=1 indicates that thath residue has adopted cording to the latest CP translated, and the contour ranges of
the extended conformation compatible with & sheet; intrachain interactions and contour distances are renormal-
R(y,n)=2 indicates that either theth residue has adopted a ized relative to the latest CP formed. In other wortls
locally compact conformation compatible with & bend renormalization operation introduces long-range correla-
(zero pitch, or with a left-handedx helix; finally, R(y,n) tions on the LTMby slowing down or speeding up basin
=3 indicates that the conformation of theh residue is transitions, depending on whether new interactions are
compatible with the formation of @ bend or with a right- formed or dismantled. The rationale behind this is that, as a
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new CP is formed engaging residues that were previouslyranslating into thgR) « helix is indicated in Fig. 2. Simi-
free, the mean energies of their Ramachandran basins dirly, for a left-handedy helix, we must demand permanence
crease byAH, the change in enthalpy due to the formation of R(y,n)=2 value, while retaining all other conditions re-
of long-range intrachain contacts. Thus, the local activatiorgarding hydrophobic periodicity along the chain.
barriers for basin transitions within a Ramachandran map Likewise, being pleated structurgd sheets are character-
become larger than in the case of free residiihe renor- ized by the persistence of the extended local conformation
malization operation “slows down” the residues engaged inbasin marked byR(y,n)= 1. In order to fulfill hydrophobic/
a recognized pattefn (h) Nucleation steps and the cooper- polar compatibilities, theG values must be preserved in a
ativity in the formation of secondary structure are accountegbarallel or antiparallel fashion, depending on the relative ori-
for by means of the renormalization operation: Suppose thentation of the strands in th@ sheet(Figs. 2 and 3 For the
LTM is evaluated at a given time and a short consensusake of illustration, a three-strangtsheet topology is dis-
region is detected. Then, the residues which generated thgayed in Fig. 3 together with its LTM consensus pattern. A
initial consensus window become endowed with basin transtructural pattern in the same topology cld43] will be
sition frequencies which are lower than those of the neighgenerated in ourgd-t-r) simulation of the folding of 18—
boring residues and, consequently, the consensus region irg1].
tially formed has a chance to grow upon successive Turns and bends may be a determinant of gheheet or
evaluations of the LTM. simply required to form hydrophobic contacts, thus they will
Essentially the tenet&@)—(h) enable us to define p-t-r be treated generically, regardless of whether or not they re-
iterative algorithm endowed with predictive potential andalize 8-sheet topologies. Should such motifs require closure
most suitable to mimic the parallel nature of the explorationof chain loops, they would require R(y,n)=2 or R(y,n)

of conformation space. =3, consensus window in the LTM at the time of its evalu-
ation.
IV. FOLDING AS A PATTERN RECOGNITION
OPERATION
. . . - V. LOCAL CHOICE OF TRANSITIONAL DIRECTION
The domlnant secondary structure motlfs can be identified FOR EACH RESIDUE AT A GIVEN TIME
as recognizable patterns emerging in the time-dependent
LTM y=y(t). Thus, the right-handed helix requires a win- Prior to determining the transitional timescale for the lo-

dow of residues witlR(y,n) =3. Without loss of generality cal changes in the value &y,n), we need to operationally
and for the sake of notation, we shall identify this motif by adetermine each local direction for a the basin transition tak-
window of the LTM y with R(y,n)=3 and a periodic ing place in the local Ramachandran landscape. Thus, the
G(n)=1=G(n+3) or G(n)=1=G(n+4) hydrophobicity basin transition marked by a chanBéy,n)—R(y’,n) will
(Fig. 2). Because of the highly helix-disruptive tendencies ofbe clockwisg1— 2, 3—1 in an alanyl-like residueor coun-
glycine[14,19,2(, if its local diagram appears within a con- terclockwise(2— 1, 1—3) depending on a lottery based on
sensus window, the entire helix turn containing glycine isthe fixed direction probabilities. Thus, ifp(+,n,j),
obliterated from the CM. The disrupting tendencies of thep(—,n,j) denote, respectively, the probability of a clock-
proline, on the other hand, do not require special instructionsvise or counterclockwise transition when thth residue is

as theR(y,n) =3 value cannot occur for a residue precedingwithin basinj[R(y,n)=j], we obtain for an alanyl-like resi-
proline, as shown in Figs. 1 and 2. A consensus windowdue

p(+.n,)=exd — (Ef,~ E))/RT]/{exd — (E,~ E))/RT]+exd — (Ef;— E;)/RT]}
=1/{1+exd —AE*/RT]}, 1)

p(—,n,1)=1-p(+,n,1), (2

where E;,,E, represent, respectively, the energies of theless, the paramet@rE*lRT may be estimated indirectly and
transition stategsaddle points in the Ramachandran land-independently using data which is not directly generated by
scap¢ corresponding to the transitions—12, 1—3 in an  OUr computations in order to determine interbasin transitional

alanyl-like residue; Ef,—E;) and El,—E,) are, respec- probabilities for all alanyl-like residues. For that purpose, a

: L ; . p-t-r simulation is carried outsee below for a test oli-
tively, the kinetic barrier for the 4-2 and 1— 3 transitions; gopeptide chain made up of four alanyl-like residues capable

and AE”=EJ;—Ej,. In essence,[AE”/RT] must be only of forming a single right-handea-helix turn[cf. Fig.
treated as a parameter to be independently determined, as th@)] and compared with previous independent molecular dy-
transition state energies within Ramachandran landscapes aigmics computations on the same test sygte®h The com-

not known precisely. This is so since MD trajectories spencparison yields the estimatdE*/RT=—In1.88. Likewise,
virtually no time in saddle points and thus their energies ardor the nth alanyl-like residue we also get
not directly accessible through such computations. Neverthea(+,n,2)=0, p(—,n,2)=1; p(+,n,3)=1, p(—,n,3)=0.
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These equalities result from the fact that there is no transitiolamachandran local landscapes. This distribution features
state or saddle point between basins 2 and 3 in the Ranthree Gaussian peaks centered at characteristic periods
achandran landscap#4]: A right-handed helixbasin 3re- 10 %, 107, and 10 3s. The transition times are assigned
quires dismantling, or turning into the “extended conforma-from this distribution in such a way that the effect of thermal
tion” (basin 1, before it may be turned into a left-handed fluctuations on the formation of consensus and thus, on
helix (basin 2. Thus, the only possible pathway for such astructural transitions is incorporated. Each Gaussian peak has
local transformation is 3-1—2. a dispersiono®=gT, where the constarg depends on the

We know from our computer experiments that the timeactual denaturation temperatur€(denat.) and on the
evolution of the LTM is crucially dependent on the param-consensus-based interpretation of denaturation, as shown be-
eter AE”/RT. This is expected since the extended confor-low.

mation of a residue must be favored entropicdityhas a The transition time distribution allows us to classify resi-
larger Ramachandran bagias well as enthalpicallthydro-  dues in three classes: Class | contains all free residues, that
gen bonds are 1.6 times strongerArsheets than i heli-  is, residues not engaged in any structural motif, with mean

ce9 [13,14. Thus, although meaningful quantitative infor- basin transition period I0"s; class Il contains all residues
mation on the sensitivity of the results to parameter changewith mean transition time 10’ s engaged in secondary struc-
is difficult to assess, we have noticed that a 10% decrease tare but not in tertiary interactions; and class Il contains all
the AE™/RT value is responsible for the formation of critical residues engaged in tertiary structure, whose mean transition
bubbles org-sheet-destruction kernels that preclude the pertime is 10 ®s. This classification of residues according to
sistence of8 sheets within folding time scales. On the othertheir inherent mean basin transition times is compatible with
hand, the value given above and obtained from independeffiuorescence depolarization probes for unhindered torsional
sources[19] is adequate to reproduce the chronology ofmotions[19], with typical time scales for localized helix dis-
events and elucidate the significant kinetic bottlenecks in theuptions, and with diffusion-collision mode[R0] in which
dominant folding pathway of BPTI, as shown in Sec. Xll. secondary structure is stabilized further by forming tertiary
The other types of residues are treated similarly. Thus, itontacts[18]. Furthermore, the decrease in heat content
the nth residue is glycine all probabilities ane(=*,n,j) (AH) due to the formation of secondary or tertiary intrac-
=1/2, for j=1,2,3,4. This is so since glycine has such ahain interactions is responsible for the lowering of the aver-
small side chair(a hydrogei that the negligible steric hin- age energies of the Ramachandran basins with concurrent
drance makes all torsional transition states virtually identicalncrease in the local transition timésf. Sec. X).
in energy. On the other hand, if theh residue precedes a  Accordingly, the LTM evolves through a lottery from
proline, we getp(+,n,1)=1, p(—,n,1)=0; p(—,n,2)=1,  which first the direction of the basin transition is chosen and
p(+,n,2)=0. Finally, for a proline at contour valug we then the transition times are assigned from within Gaussian
obtain p(+,n,1)=0, p(—,n,1)=1; p(+,n,3)=1, and distributions centered at 10 ps, 100 ns, and 1 ms, depending
p(—,n,3)=0. on whether the residue is respectively of type I, Il, or IIl.
Thereafter, a new direction and a new escape time is as-
signed from the lottery for each new basin transition after the
previous transition has been completed. This procedure war-
rants the maximum permanence time in the extended local

Our discretized model of topological dynamics covers theconformation 1 for a free alanyl-like residue, in accord with
spectrum of activated molecular motions evolving within theobserved facts19]. The transitional frequencly= 2/ cor-
1 ps—1 ms time range. Thus, faster diffusional-like unhin-responding to a residue not engaged in an intrachain interac-
dered torsion§19,20 in a free residue have been integratedtion or loop(a class | residuesatisfies the inequality
out as conformational entropy of the state defined by the _ . _; 1 , T o e
coarse LTM representatidief. [16]). Such motions well into [f75=107" g<|r'~10"" o, with 7' satisfying
the ps range, as well as the faster hard-mode dynamics, de- w(7')=Infimum{w(7)=1[2N]}. (3)
termine the rodlike shape of the protein molecule and the
all-or-none nature of the loop closure steps when viewedhe condition yielding the shortest escape tinfe arises
within the timescale window between two LTM states. Thus,from the fact that there are at mos2ossible local transi-
the microscopic mean time range relevant to LTM transitiongions in the peptide chaifa maximum of two transitional
is 10 11-10"3s, covering the time scale for internal motions directions for each residue in each given basBuch con-
(10~ 1s) of the order of the calculated diffusional displace-siderations yield the value’~1 ps atT=298K. Thus, the
ments of flexible hinged domaif49] and, at the other end real time interval between two consecutive readings or evalu-
of the spectrum, the limiting values (16-103s), typical  ations of the LTM must be taken to bé-381 ps, that is, the
mean time scales for the fast exchange between folded andinimum time to get a CP transitidffiormation of ag bend
unfolded states with respect to tertiary interactions engagingr helix turn engaging four residuewith the fastest basin-
two secondary elemenf48]. Within this range, we encom- transition times.

VI. DISTRIBUTION OF BASIN TRANSITION
FREQUENCIES IN THE GENERATION OF LTM'’s

pass the mean time frame of 10s, typical for a localized The other two peaks in the distributiom=w(r) corre-
helix-unwinding event leading to a bubblgl9], cf. also  spond, respectively, to mean escape times for residues in
[16]). secondary and tertiary structural elements. Again, the same

These considerations lead us to define a temperaturgonsiderations apply in regards to the escape time assign-
dependent normalized distribution of transition periods, ment to basin transitions for class Il and class Il residues.
=w(r) for the N independent basin transitions within the These rules imply that the residues in loops, bends, or turns
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real time Furthermore, these considerations enable us to estimate the
_ constantg which determines the effect of thermal fluctua-
tions on the period distribution: At the denaturation or melt-
ing temperaturd (denat.), every helix formed must develop
a consensus bubble evaluated and recorded with the next
translation ) \ reading of the LTM. Thus, ifr is “large enough,” the pe-
Yo )+ Maw (i) g [ riod distribution in the helix is broad enough so that consen-
renormalization sus cannot be preserved: The period range, of the order of
id. l l 000 ps is such that a helix consensus cannot survive two consecutive
' T ‘L readings. From these considerations, and taking into account
yur(iH )+ 1)+ Mem(i+1) — our empirical estimate of the denaturation dispersion fixed at
o=10"%s, and the typical experimentdl(denat.)=313K

FIG. 4. The generic chart of operations for the personal comfor proteins such as the ones studied in this wdrK]), we
puter realization of théth perturbation-translation-renormalization getg~3.2x10"%° & K.
p-t-r cycle iteration. The pattern recognition or translation opera-
tion requires storage of the generic patterns, such as those illus-
trated in Figs. 2 and 3. The LTM perturbation requires one sequen-VIll. NUCLEATION EFFECTS AND PROTEIN FOLDING
tial computation for each LTM entry following working equations COOPERATIVITY

(4) and (5). Each renormalization operation takes place while the .
LTM is quenched in the same state, LTMin which it was trans- Complex structural patterns such as the one presented in

lated. This operation defines the vecfdi+1) of mean frequen- 9. 3 do not result from all-or-none processes. Rather, a
cies, and the reading instructions manWMk(i +1), to be used Nucleating event involving the largest cost in conformational
in the (+1)th p-t-r cycle. entropy takes place first and is subsequently followed by a

sequence of folding events that seek to minimize additional

concurrently formed with any secondary or tertiary structuralosses in conformational entropy. Two theoretical ap-
element adopt the cadence of the structural element itself. Proaches to biopolymer folding, the variational treatment
The mechanistic aspects of period distribution imply thatrooted in the sequential minimization of entropy loss
this operation is subject to renormalization with each CP(SMEL) [9,16], and the theory of hydrophobic zipp€s0]
transition: A CP determines which columns in the LTM cor- take into account the cooperative nature of formation of
respond to free or class | residues and which correspond #@fructural motifs triggered by nucleating events in their at-
residues engaged in an intrachain interaction, or, equiva€mpt to account for pathways that minimize the entropic
lently, they belong to class Il or lIl. Thus, since a CP tran-cost of each step.
sition reclassifies the residues, it also dictates the range from In our model, cooperativity and nucleation work through
which new transition time assignments are drdefnFig. 4.  successive renormalization loops as expedients for the fold-
The time range for a specific residue remains the same d89 of peptide chains: Suppose a nucleating pattern has been
before the CP transition if the transition does not alter thddentified in a reading of the LTM, be it a helix turn such as
class of the residue, and changes if the CP transition transfefde one depicted in Fig.(B), or a turn involving a loop
the residue to a different class. Thus, the renormalizatio§losure(Figs. 2a) and 3. Then, the residues engaged in the
operation is essentially the means by which long-range cortespective nucleating consensus window are automatically

relations in the LTM are introduced as a consequence of thiocked into lower frequencies of the order of Hz via the
latest large-scale motions. renormalization operation that immediately follows the

translation of the nucleation pattern into a CP registered in
the CM. Thus, the nucleation consensus will “survive” or be
preserved for approximately 1000 evaluations of the LTM,
since the evaluation frequence is of the order of 81 ps at 298
Secondary structure dismantling materializes and is reK [cf. Eq. (3)], the typical working temperature fan vitro
corded as such by deletion in the CM whenever a consensuslding of BPTI. This time span allows for a chance to en-
bubble forms amongst class Il residues engaged in the strutarge the original consensus window by progressive torsional
ture. By “consensus bubble” we mean that in tReow of  isomerizations of residues adjacent to those engaged in the
the LTM, a consecutive sequence of Ramachandran variablesicleating step. Once adjacent residues form consensus com-
of length 30% of the total consensus window lenpth,18  patible with the original one in relation to a specific struc-
must be out of phase with the consensus required values airal motif, they are also locked into the "8z frequency
the time when the reading of the LTM takes place. Becausdomain and thus they contribute to the seeding process.
of the renormalization loop, this transition at the CM level = Summarizing, the key feature of renormalization that en-
immediately transfers a new set of constraints for the genables us to deal with cooperativity in the formation of sec-
eration of new LTM’s. The residues previously engaged inondary structure is the survival of a nucleating pattern war-
the structure and in its concurrent loops are reclassified, beanted by the reclassification of class | residues as class Il
ing transferred from class Il to the higher frequency class lresidues once the nucleating pattern occurs. The argument
Cooperative effects reflect themselves mechanistically itoldsmutatis mutandi$or tertiary interactions formed coop-
the formation of the consensus bubble: For instance, in theratively from secondary structure. In this case, the reclassi-
a-helix motif, the larger the helix, the more improbable it is fication of class Il residues as class Il residues translates into
to find a 30% out-of-phase subsequence of class Il residuea. drastic drift in the basin transition frequency, front 16

yirm() ) +Mem(i) Ny

LTM perturbation 81.00 ps

VIl. TEMPERATURE T IN THE DISCRETIZED
LTM DYNAMICS
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10° Hz, thus warranting the survival of the respective nucle-quenching the LTM dynamics during ther operations, as
ation pattern. shown in Fig. 4. In this figure, thi¢h iteration is displayed as

preparing the LTM for thei(+ 1)th iteration. The LTM has

been added two modules: a mean frequeNogntry vector

IX. THE RENORMALIZATION OPERATION AND (f) and a reading instruction manu&IM). Each entry in the
RENORMALIZED CONTOUR DISTANCES frequency row may take one of three values 1, 2, or 3, ac-

As stated above, the renormalization operation is the excording to whether the mean frequency assigned by renor-
pedient by which long-range correlations are introduced. Ifalization to the particular unit or residue is'1010’, or
involves two concurrent roles: Redefining contour distanced0® Hz. The RIM determines the renormalized distances to
between different residues relative to the latest CP translate®€ considered when searching for consensus in regions con-
thus determining how to read and evaluate the LTM, andaining already windows of secondary of tertiary structure.
placing a new set of constraints on the generation of neWollowing the RIM, f a 2 or two-three—-mean frequency
LTM'’s after a CP transition has been recorded as a change iwindow already translated into a CM is found within a win-
the CM. Both roles are specified at a given time according t¢low where consensus is being searched, it must excluded
the latest CP generated. The renormalization of constrainfom the new window being examined.
for the basin transitions is articulated through the operational In order to inductively define théth p-t-r iteration, as
feedback loofiFig. 4), introducing the latest CP generated asshown in Fig. 4, we shall consider given all three modules,
input for the reclassification of residues. On the other handy.tm(i), f(i) and Mg (i), wherei refers to theith itera-
the renormalization of contour distances points to the root ofion. They, t(i) must be perturbed during 81 ps to obtain
cooperativity, since unfavorable long-range interactionghe yiry(i) at the end of the time step. This corresponds in
might eventually materialize with lower entropic costs, asreal time to a 81 ps progress of the torsional dynamics since

illustrated in Sec. XI. theyty(i—1)=y_rm(i) has been translated. Thgr, (i) is
then ready to be translated into thg,. The perturbation

X. ROUGH PROTEIN FOLDING ON THE PERSONAL yirm(i) is determined exclusively by thyry(i) together
COMPUTER with the mean frequencies encoded in the ve&{oy. Thus,

the perturbation actually corresponds to the running of the

The aim of this section is to actually prescribe the imple-LTM dynamics for 81 ps, until the LTM is quenched again
mentation of the perturbation-translation-renormalizationfor pattern recognition. The pattern recognition or transla-
(p-t-r) cycle operations on a PC. A suitable PC is onetion, in turn, defines the next vectoi(i+1) of mean
roughly matching the following specifications: RAM frequencies and the next reading instructions manual
memory, 128 MB; processor speed, 300 MHz; hard disaVg,,(i+ 1), both entities being produced by thth renor-
memory, 6 GB. malization operation. This information, together with the

As previously stated, the-t-r computation mimics a par- previously perturbedy;y(i)=y.rm(i+1) is all that is
allel synchronous algorithm designed to predict the activeheeded to now run the € 1)th t-r interation, which would
structure of biomolecules reached within times incommensumyolve first perturbing they, tq(i+1), then translating
rably shorter than those required for thermodynamic equilithe yiw(i+1) and finally reassigning according to
bration. Such computations require a parallel evaluation of . (i+1), mean frequencies and the new RIM. The induc-
concurrent folding possibilities at regular intervals. Eachijye definition of the sequential algorithm is now complete.
reading, in turn, defines the set of constraints to which the | hraciice, an actual bottleneck in the sequential compu-
system is subject when undertaking the next folding stage. tation is the pattern recognition or translation on the LTM, an

A sequential computation on a PC implies that we W°U|dinherently parallel operation. IfN is not too long
need to quench the LTM every 81 ps, as indicated in Fig. 4¢\~50_ 100) this operation may be accessible to a sequen-
to sequentially perform a translation or pattern recognitiontjs| machine engaged in column-by-column reading with
In turn, the recorded pattern would determine via renormaloncyrrent memory storage. A state-of-the-art PC as speci-
ization the generation of the new sequence of LTM'S 10 b&ieq aphove takes approximately 0.71 ms of real time to se-
read after another 81 ps have elapsed. As we recall, the LT'\ﬂuentiaIIy translate each LTM into a CM witk= 100, stor-

evolves in time by basin transitions requiring a choice ofing nycleation folding events and pattern prototypes, such as
transition direction in the Ramachandran landsdapeEds.  ose specified in Figs. 2 and 3.

(1,2] and a frequencyor transition time¢ chosen from a
Gaussian distribution determined by renormalization at every
reading timestep from a set of three distributions: one for
free residuegclass |, mean frequencl=10'*Hz), one for The perturbatiory, v — Yy is the first aspect to be con-
residues engaged in secondary structetass Il, mean fre- sidered in a sequential computation, as it determines the dy-
quencyf=10"Hz) and one for residues engaged in tertiarynamic flow in our coarse description. In order to determine
interactions(class I, mean frequency=10°Hz). Renor-  the state of each entry in the LTM once a time step of 81 ps
malization assigns a distribution to each residue for a givethas been completed, one must consider the following
codified Ramachandran map in the LTM, and the sequentiadcheme: (i) Classify residues according to whether their
computer mimics the dynamics resulting from the fact that anean frequency value assigned in tkiep-t-r cycle is 1, 2,
new frequency is chosen from the same distribution afteor 3. If residuen has been previously assigned the 2 or 3
each transition has been completed. frequency value, store its actual frequedyn) chosen from

We may realize thep-t-r computation iteratively, by the respective Gaussian distribution and record the number

A. The perturbation operation on the PC
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Qi(n) of p-t-r cycles that have taken place since the 2 or 3 B. Translation operation in the PC

values have been originally assigned until it cycle is In each iterative feedback loop, the translation operation
performed. Such units are given a different treatment, folfollows after the perturbation operation and requires the
lowing instruction item 4. For the free units at the time of quenching of the dynamic flowcoarse torsional motion
the ith iteration, instructions 1-3 are to be which is realized by freezing the LTMwhile the translation
followed. (ii) Record the value 1, 2, or 3 of the variable and renormalization operations are perfornietl Fig. 4).
Ry (i —1),n)=R(y_tm(i),n) for each entryn with mean  Due to its inherently parallel nature, the translation operation
frequency value 1, quenched throughout the 1) transla- is the most time consuming in a sequential machine. It is
tion or pattern recognition. (iii) For each residue or column applied to the perturbed LTM, the LTM and maps it onto a

n during theith iteration, consider the Gaussian distribution CM after having identified all structural patterns. This map
peaked aff,(i)=10""Hz. Using this distribution, generate entails three possible stepsfl) It records newly formed

by means of a Monte Carlo simulation as many frequencie§tructural patterns as contacts in the QW) It deletes CP’s
f., k=1,...n* as necessary, so that the following in- if meaningful consensus bubbles arise in the UTHt the

time of its evaluation{3) It records the eventual growth of
preexisting patterns.
Since a pattern involves the formation of intrachain con-
> (27/f,)<81 ps< (2wlfy). (4  tacts, the first thing that a pattern recognition on the TM
k=1,...n%*-1 k=1,...n* must take into account is to search for consensus windows of
local compact conformations, that is, uniform windows with
(iv) Determine the state of ttie entry at the time of the next  ejther Ramachandran val&=2 or 3. Such windows repre-
reading as follows: It changes provided sent bendings of the chain thatay induce contact forma-
tion. That is, they aremecessarybut not sufficient condi-
tions for the occurrence of loopg, bends, ora-helix turns,
3/2772(81 ps- X (27T/fk)) fae=m/2. (58  the seeding elements for structure formation leading to anti-
parallel contactgFigs. 2 and 3 On the other hand, potential
regions of parallel contact require windows made up of two
It remains the same as in the<(1)th translation if adjacent compact subwindows, each with differBnhtone
subwindow withR=2 followed by one withR=3, or vice
versa (cf. Fig. 3. Thus, once such necessary conditions are
fox<ml2 or >3/27. taken into account, the search for possible foldings is con-
siderably simplified: The “compact windows” must be iden-
(5b) tified first in a systematic search for structural patterns.
The next step in translation is to check whether putative
In the event that Eq(5a) is fulfilled, to determine the new interacting regions flanking the compact windows are in the
value of theR entry, one must choose" directions from the  proper local torsional conformatio@xtendedr=1 confor-
lottery specified by the fixed probabilities given in Secs. Vmation for 8-sheet interaction®R=2,3 for helices Finally,
and VI. (v) Suppose entry has been assigned a frequency@ matching of the hydrophobicity/polarity/neutrality map
value of 2 @ 3 a numbeR;(n) of p-t-r cycles before théth should hold fo_r the putative interacting regions def_lned by
cycle. Then, since 2/F(n)>81 ps, its state to be read in the the compact window, unless tertiary contacts form first, and
ith pattern recognition remains the same [@=/F(n) they later caffold the formation of secondary structure, in
—Q,(n)81 pgF(n)< /2 or >3/2m, and changes otherwise. Which case the tertiary contacts serve as templates in the
If a consensus bubble in a secondary or tertiary structure ig1atching(see Sec. XIL _ _
formed by having 30% of out-of-phagestates at the time of On_th_e other hand, '_the detection of_consensus bubbles in a
the ith translation, then the entire consensus units are rea/eexisting structure is actually straightforward: The pro-
signed the 1 frequency value by tht renormalization op- 9ram must simply check whether the Ramachandran values
eration, thus indicating the dismantling of a structural pat-°f @ previously identified consensus window remain unal-
tern. tered or whether 30% of consensus has been lost at the time
In this way, following instructiongi)—(v), we define the pf thq reading by formation of an out_—of—phase subwindow,
perturbed matriy, (i), which is quenched during thigh in WhICh case the corresponding CP is deleted by the trans-
translation-renormalization, as indicated in Fig. 4. This islation operation.

precisely the matrix fed into thei{ 1) iteration, that is Finally, with regard to thg deteption Of patterns of struc-
vE (i) =y (i + 1), which, in turn, must be perturbed ac- tural growth, the same considerations arise as for the identi-
Ltm\t) = ) , )

cording to the reassignmerfi{i +1) of frequencies which flcatlon“of new patterns: The’,pree>§|3§|ng structure must pos
. N . sess a “‘compact subwindow’ within its consensus window,
took place in thdth iteration. L ; . ) ;
: : . Lo otherwise it wouldn't have arised in the first place. Thus, the
In real time, a single LTM perturbation following instruc-

. ) . . ._consensus demands for a growth folding event to materialize
tions (i)—(v) takes 0.60 ms maximum. This upper bound is .
/ . are the same as those needed to form a recognizable pattern

found in the case where all residues are free, and therefore .

. P _.0hce a compact window has been detected.
their frequences are to be chosen from the distribution with
the highest mean frequency. Thus, the most conservative es-
timation of the total PC computation time involved in the
estimated 10p-t-r loop iterations, as required to satisfacto- ~ Since, as indicated in Fig. 4, the renormalization opera-

rily penetrate relevant folding times, is 1.810% s. tion follows after translation and is determined by it, its ac-

equalities hold:

(8lps— > (2wlfy)

C. The renormalization operation in the PC
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FIG. 5. (a)—(d) Four snapshots of the CM taken, respectively, a3@ 4, 1.3x10 %, 1.3x10 3+3.2x10 s, and 1.X 10 3+3.2
X107+ 0.5x 10 ?s in the course of 10p-t-r cycles for the BPTI.

tual implementation becomes relatively simple: Suppose anodifies the RIM, defining the way in which the next LTM
pattern has been detected and recorded as such in th@€M is to be generated and how new consensus windows are to be
a helix as a segment parallel to the main diagongd, sheet  searched.

as a segment perpendicular to it, and looped, native and ter- According to the mechanism of the perturbation-
tiary contacts as connected and simply connected shaded rganslation-renormalization cycle, the fragility of secondary
gions|[cf. Figs. §a)—(d)]. Then, if residuesnandn represent  structure depends on the number of cycles it survives before
the contour extremities of the preexisting intrachain interacy consensus bubble is registered upon translation. However,
tion, a new “renormalized” chain is defined by regarding jn agreement with the reaction-diffusion mod20], we pre-
residuesm andn as consecutive along the new chain, andgict that this structure may be further stabilized by forming
new perturbation rules apply to its possible LTM's. In this tertjary interactions with the net effect of slowing down all
way, all residues in betweenandn, being already structur- oscillators involved by four orders of magnitude: It would
ally engaged, have been virtually removed from further secigke on the averag®=10° cycles to detect a consensus
ondary structure search: All new consensus windows argypple in this upper level of structure hierarchy. This stabi-

searched in the renormalized chain by assuming that the r¢ization becomes operational in the shaping of the active
gion of the chain deleted by renormalization has a compagy|ded structure, as shown in Sec. XII.

window within, and as such, is only susceptible of structure
growth, should the right consensus windows flanking resi- XI. ESTIMATION OE THE KINETIC BARRIER
duesm andn form. , , OF AN ELEMENTARY FOLDING STEP

Its other role, the reassignment of mean frequencies to all
residues according to the latest CM generated is easily intro- In order to elucidate the kinetic bottlenecks and signifi-
duced: Residues engaged in secondary structure are slowednt events along a folding pathway, it is of paramount im-
down with respect to free residues and those engaged in tegportance to estimate the kinetic barriers for elementary tran-
tiary contacts are slowed down even further. Thus, the hiersitions between CP’s. This requires that we renormalize the
archical nature of structure formation translates dynamicallypotential energy surfad®ES to that coarse level of descrip-
into a hierarchy of time scales. In this way, renormalizationtion and adopt an adiabatic ansé&tf [16]) whereby(a) each
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CP is associated with a superbasin of attraction in the PESnd E(R(y,n))=0, 1, or 2 kcal/mol depending on whether
containing as many substrates as LTM’s may realize for thaR(y,n)=1, 3, or 2, respectivelysee Fig. 1 andi14]).

same CP andb) equilibration within a superbasin is incom-  Then, the transition state enerff, may be adiabatically
mensurably faster than intersuperbasin or CP transitiongstimated as

[16]. We shall start by estimating the barriBrfor a con-
structive folding step where the number of contacts is in- . .,
creased as a result of the transition. Thusadf— bcp ge- Eh=H(ac+Q(@ Y > > ERyN)
nerically represents such a process, our aim is to determine yiace n=d.--N
the actual entropic cost TAS,,=B,,=EZ,— E, entailed in
the formation of the new contadi8,16]. HereE}, represents
the effective transition state energy afgd, the thermal av-
erage or expected energy of the super bagip. This en-  Moreover, the reverse kinetic barriB,= E:b— Ey, which
tropic cost quantifies the loss in conformational freedom in4s equal toAH,,; the heat that must be transferred to the
volved in the formation of the more constrained structuralsystem in order to break the contacts that appediinand
patternb. not in acp, is

We shall denote by)(a) and((b) the LTM multiplici-
ties of acp and bep that is, the number of possible LTM’s . 1
translatable intacp andbep respectively. Thus, we obtain ~ Bba=Eap—H(bcp) +Q(b) > > N E(R(y,n)|.

yinbep n=1,...

+RT 2 Ing(a,n). (12)

nisnsn,

(12)
Thus, working Eqs(6)—(12) characterize completely the
kinetics of protein folding defined at the level of elementary
whereq(a,n) indicates the number of possible values of thetransitions between contact patterns.
nth Ramachandran variabR(y,n) for all LTM’s y’s trans-

latable intoacp. The same statement holds fipib,n), bep. XIl. RESULTS: CM PATHWAY EOR BPTI
Thus, we obtain

o@= 11 a@n; am= II abn), ©

The aim of this section is to predict the dominant folding
g(a,n)=1, (7)  pathway and structural features of folded BPTI by a mecha-
nistic analysis of its long-time dynamics resulting from the
if the nth residue is engaged in a structural element recordedimplified model of torsional motion at 298 K7,18—21.
in acp; or g(a,n)=2, 3, or 4, if thenth residue isnot en-  The simulation is sequentially implemented on a PC follow-
gaged in any structural elementaf, andthe nth residue is  ing the basic tenets already expounded.

proline or a residue preceding prolifg(a,n)=2], the nth We shall focus on determining significant folding inter-
residue is alanyl-lik¢ g(a,n)=3], or thenth residue is gly- mediates and the late kinetic bottlenecks which occur within
cine the first 10 2s of the renaturation process, a time span that
requires 10 p-t-r cycles. Our aim is to show how the domi-
g(a,n)=4. (7") nant sequence of CM transitions for the BPTI describes the

dominant folding kinetics, reproducing the essential coopera-
Then using Boltzmann relation, the adiabatic kinetic bar-tive features of the experimentally probed folding pathways,
rier B,, may be estimated as including the late scenario in which tertiary interactions di-
rect and stabilize the native Cys-Cy5,55 contact (cf.
_ . [7,18-21, Cys=cysteine aminoacid The actual refolding
Bab= _RT'”[Q(b)’Q(a)]‘RTnlggnz Inq(a,n), conditions involve special redox conditions, so that the ki-
(8)  netics of formation, dismantling and recombination of intra-
chain Cys-Cys disulfide bonds lies within the 16 time
wheren; <n=n, indicates the set of residues engaged in thescale[7,21], and does not interfere with the folding process.
formation of the new contacts absentagp but present in  This is so since the fastest Cys5-Cys30 interaction takes 4
bcp. Since no more than two consecutive such residues may 10 °s to form, as shown below.
be proline, and given the type of LTM patterns recorded in In order to analyze the kinetics along the dominant fold-

the CM (cf. Figs. 2 and R it is certain thatB,,=0. ing pathway obtained by thp-t-r algorithm, we need to
On the other hand, the expected enekgyof acp is make precise the following two point$a) An operational
definition of contact based on a proximity ® A has been
E,=Q(a) ! E E(y), 9 adopted in the CM development in consonance with previous
yinace treatmentg 17-21]. (b) According to the discrete coding of
the soft-mode dynamics and the results of Sec. XI, the mean
_ time of a constructive contact pattern transitegp— bep is
EW) H(acp)+n:1,2...,N ERy.m), (19 estimated asrexpB,y), where 7=10"!!s, and the barrier

B,, may be estimated using working E@).
where H(acp) indicates the heat content or enthalpy of How does cooperativity operate in the folding of BPTI?
acp [H=0, with H(random coi=0)], a quantity exclusively To answer this question we examine the estimated mean
dependent on the pattern of long-range intrachain contactimes[Egs.(6)—(12)] to form native Cys-Cys disulfide con-
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tacts starting from a random coil conformation: induced and stabilized by the tertiary interaction, as a direct
observation of the third snapshfftig. 5(c)] reveals. This
7(5,59~10" s, 7(30,5)~1.6x10"'s. (13 pathway reveals how the formation (80,5) is expedited
) ) ) _ by cooperative folding, in agreement with recent findings
Throughout this section, the numbers in brackets, as in Eq7]. Fyrthermore, during the timespan of development of the
(13), will denote the contour values of residues along thesrst tertiary contact, the comples-sheet motif continues to
chain. , _ develop, fostering other tertiary interactions between the two
Direct inspection of Eq(13) reveals that such native con- gominant secondary structure elements. Since folding and
tacts take a long time to form and can only be created coopynfolding of tertiary structure exchanges on the 16 fast

eratively within the time scales under investigation. On theclear magnetic resonance time scale, the locking of oscil-
other hand, the third native Cys-Cys contde4,38 may |aors at the mean #0Hz frequence peak warrants the sur-
form directly within time scales commensurate with the OC-yival of the initial tertiary consensus while contd80—57

currence of tertiary contacts: forms and thes sheet is completed.

Finally, the (5,55 disulfide bond that would initially take
a forbiddingly long time to form, now entails the closure of a
The sequence of CM’s taken within the time span of 10 %Oomﬂf):nigel?fpo\;v;we nzgsc?::agmg”z%ntrae“?gnd?hrggn:;ée-[h's
p-t-r cycles is consistent with the previous analysis. Four P P q glon,

significant snapshots of the time evolution of the CM have(zo_30 region, and the quasicoil straf@ll-59. Notice that

; the formation of the nativ€30,51) contact has short circuited
been taken for 17 runs of the parallel computation and ar e loop closure for thé5 55 contact, so that the estimated
displayed in Figs. &—(d). All runs yield virtually identical P ’ ’

results, with a variance of occurrence of 1 ps for all signifi-tlme for this interaction is
cant kinetic bottlenecks of the folding process. The corre- 7(5,55~0.5x10 2 s. (16)
sponding snapshot times averaged over all 17 runs are, re-
spectively, 3.X10°4, 1.3x10°3 and 1.%10 ®+3.2  This estimation of the rate-determining step in BPTI folding
X 10~ " s (the third snapshot is taken 311 LTM readings afteris corroborated by examination of the fourth snapdlfag.
the secony and 1.3 1073+ 3.2x10 7+0.5x 10 2s. Adi-  5(d)], and confirms previous estimatiofig,18—21, in the
rect analysis of the CM evolution indicates that the nonnativesense that conta¢80,51) occurs 16-fold more rapidly than
(5,30 disulfide bond forms first because a loop of size 25(5,55).
poses no orientational constraints on its polar groups. Thus Thus, the long-time dynamics obtained by means of our
we get the estimater(5,30)~3.2x10"*s. This is a good semiempirical microscopic model not only predicts with
estimate, since thé€5,30 contact indeed shows up on the good accuracy the tertiary structural elements of the BPTI
CM snapshot taken precisely at that time, as featured in Figout it also shows how cooperative effects can serve as an
5(a). expedient to aid the formation of native interactions shaping
Nucleation windows of the form shown in Fig(l) seed- the hydrophobic core. A good agreement with experimental
ing the formation of anx helix appear in thg43-58 ex-  kinetic probed7,18—21 has been found.
treme of the molecule within the range of time scales 8.8 Another proof of the predictive potential of our treatment
X 10"4-9.8x10 “*s. The timescale of formation ¢14,38 s provided by the fact that the CM for the predicted active
given in Eq.(14) is also a good estimate. The snapshot takerfolding of BPTI [Fig. 5a-5(d)] contains all meaningful
at 1.3x 10 3 s[Fig. 5(b)] displays this native contact, as well structural elements already identified in the CM obtained
as fully and partially developed secondary structure elementsom X-ray crystallographic datg2]. Direct comparison re-
such as thex helix and a two-strand portion involving the veals that both the predicted and experimental CM’s reveal
contour region(20—33 of the B sheet topology shown in the very same functionally competent structural elements.
Fig. 3. The nucleating events leading to the two-strand porHowever, in this regard we must warn the reader that the
tion of the 8-sheet topology take place in tf20—33 region  validity of a finer comparative analysis is not appropriate
of the chain within the same time interval as those triggeringsince such an analysis would demand a coincidence in the
the formation of the helix. actual definition of “contact.” We have adopted an opera-
Tertiary contacts between thehelix and the compled  tional definition: A contact materializes if the distance be-
sheet require the closure of the loop in the contour regioween two residues is less than 12 A, the largest distance for
(33—-43 and start developing between the incompj@heet  meaningful intrachain interaction with energy decrease of at
and the helix 311 LTM evaluations after the time when theleast 1/2 kT. However, the literature ado¢cs. [22]) CM's
last snapshot displayed in Figit$h was taken. This coincides with an arbitrary maximum distance, typically 10 A. Not
precisely with the time estimation for closure of the 10 loopsurprisingly, the CM using the more restrictive definition of
with five polar groups within the33—-43 region of the contact is more sparse than the one adopted in this work.

7(14,38~1.3x10 3 s. (14

BPTI: However, our CM identifieall functionally competent struc-
tural elements and no othein perfect coincidence with the
r(tertiary interactiop=3.2x10"" s. (15  experimental CM.

We emphasize that this is a renormalized calculation that
assumes the previous formation of secondary structure.

At this point, the nonnativé5,30 Cys-Cys bond is com- The folding of a flexible peptide chain is inherently a
pletely dismantled to give rise to the natit&-51 contact parallel process in which different portions of the chain per-

XIll. DISCUSSION
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form independent searches in conformation space and then of patterns. On the other hand, long-range intrachain
search becomes expeditious and robust for sequences whicbntacts and secondary and tertiary interactions are induced
are targets of natural selectiph—8]. An algorithm intended by the drastic reduction in the available conformation space
to predict the dominant folding pathway should capture thisdue to local correlations.

feature. In this work we present one such algorithm rooted in - The validity of the results stemming from our treatment is
the search for patterns determined by a discrete codificatiogsted by showing that they basically reproduce the chronol-
of the local torsional states of the peptlde chain. This repreo y and structural features of experimenta”y probed inter-
sentation enables us to penetrate into the time scale range glediates and kinetic bottlenecks in a protein that renafares
1-10 ms, relevant to the protein folding process. In essencgitro following a dominant pathway. The probed cooperativ-
we have simulated a coarse version of the soft-mode dynanjyy and nucleation effects, as well as diffusion-collision sta-
ics[11-13 on a PC. To make it feasible to implement on ajpjlization of secondary structurg20] are shown to result
PC an inherently parallel simulation, we periodically from the persistence of relatively stable patterns through suc-
quenched the dynamics, registered all structural patterngessive perturbation-translation-renormalization cycles, thus
formed or dismantled, and renormalized the chain accordacting as seeding patterns or kernels for further structure
ingly. Thus, the implementation on a PC required the iteragrowth or hierarchical development. This work might prove
tion of a perturbation-translation-renormalization cycle per-instrumental given the actual need to provide a detailed mi-
formed on a matrix of local torsional topologies whose croscopic picture, eventually covering the entire time scale
evolution roughly describes the folding pathway. spectrum encompassing both the continuum soft-mode dy-

Our treatment hinges upon a binary codification of localnamics as well as significant folding evefg2].
torsional isomerizations subject to the constraints imposed
by both local and long-range correlations. In this way, pat-
terns of locally encoded structural signals represent actual ACKNOWLEDGMENTS
patterns of fulfilled local topological constraints that are rec-
ognized and translated as foldings of the chain. In turn, a Financial support from the J. S. Guggenheim Memorial
feedback or renormalization loop operates whereby a newoundation(New York City), and from the Alexander-von-
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