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In this paper we aim at determining the key residues of small helical proteins in order to build up reduced
models of the folding dynamics. We start by arguing that the folding process can be dissected into concurrent
fast and slow dynamics. The fast events are the quasiautonomous coil-to-helix transitions occurring in the
minimally frustrated initiation sites of folding in the early stages of the process. The slow processes consist in
the docking of the fluctuating helices formed in these critical sites. We show that a neural network devised to
predict native secondary structures from sequence can be used to estimate the probabilities of formation of
these helical traits as they are embedded in the protein. The resulting probabilities are shown to correlate well
with the experimental helicities measured in the same isolated peptides. The relevance of this finding to the
hierarchical character of folding is confirmed within the framework of a diffusion-collision-like mechanism.
We demonstrate that thermodynamic and topological features of these critical helices allow accurate estimation
of the folding times of five proteins that have been kinetically studied. This suggests that these critical helices
determine the fundamental events of the whole folding process. A remarkable feature of our model is that not
all of the native helices are eligible as critical helices, whereas the whole set of the native helices has been used
so far in other reconstructions of the folding mechanism. This stresses that the minimally frustrated helices of
these helical proteins comprise the minimal set of determinants of the folding process.
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Recently it has been argued that the whole gamut of pos- Hints as to the modularity of the folding dynamics of
sible folding mechanisms spans the range between two eelical proteins are to be found in R¢20] where we have
treme models. They are the diffusion-collision modBIC  argued that dissection of folding in temporally distinct events
mode) and the nucleation-condensation scena@C s feasible in the minimally frustrated initiation sites of fold-
mode) [1,2] and emphasize, respectively, the hierarchicaling (IS that trigger the nucleation of the native IS-
and the cooperative component of folding. It has also beeontaining helicegNIS helices. As in Ref.[20], we restrict
come clear that managing the complexity of protein foldingthe present analysis to helical proteins in which the search
requires simplification strategies that rely on minimalistfor the ISs is especially successful.
models of the dynamical processes involy&€7]. Subscrib- In the present paper we pursue the goal to identify the
ing to a hierarchical view of folding, one is allowed to ex- minimal set of determinants of the folding dynamics and
ploit the modularity of the folding process to uncouple thepresent an effective tool for the calculation of the folding
formation of global and local structur¢%,8,9. Within this  rates that is based mainly on sequence information. To this
approach, models depicting the formation of simple elementaim, we first set about demonstrating the existence of helical
of the secondary structure are intended to shed light on thkuilding blocks that are formed in the course of fast elemen-
dynamics and kinetics of elementary events of folding. Nu-tary helix-coil transitions taking place in the ISs. These pro-
merous theoretical studies, pioneered by the Zimm-Braggesses result in the stabilization of the precursors of the NIS
theory (ZB theory) [10], have been devoted to helix-coil helices(IS helices, for brevity. The IS helices are transiently
transitions viewed as the simplest stages of folding. In thestabilized in the early stages of folding, i.e., prior to the
same vein, new theoretical and experimental approaches &stablishment of any appreciable amount of tertiary struc-
B-hairpin formation have been recently propogdd-13.  ture, when short-range interactioecting between residues
Renewed interest in the processes of helix formation is duéhat are close in sequencevercome the long-range forces
to their importance in the context of bottom-up strategies foracting between residues that are distant in sequeiere
the rational design of proteind4,15 as well as in hierar- precisely, we show that the average thermodynamic proper-
chical models of folding1,8,9,16, in which stabilization of ties that characterize the formation of the IS helices within
elements of secondary structure precedes the formation d¢fie whole protein, are comparable with those of the same
tertiary interactions. The prototype of the quantitative hierarpeptides when they are excised from the protein. Second, the
chical theories of folding is the DC modgl7-19. It depicts  relevance of the IS helices to the folding mechanism is defi-
the folding of proteins in terms of stochastic encounters ohitely demonstrated as we show that this set of helices is
marginally stable microdomains which, in the case of helicakufficient to reconstruct the folding dynamics. To do this we
proteins, coincide with the native helices. hypothesize that the IS helices are the fluctuating micro-
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coil-to-helix transition for any residue and the network’s out-
put, let us depict the growth of the helix by means of a free
energy profile, Ag(n)=g(n)"™-g(n)°°! specifying the free
08 ‘\ energy cost for the transition of the residue in position
e Wa [10,23. Within a continous picture it is straightforward to
%
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check that the relationship betwe8mn) and the free energy
¥ 7 \ pr_ofile is Ag(n)=S'(nN)[p,(n)]™* (primes indicate derivatives

N 7 5 with respect tan).

Dt The classical scheme for passing from the single-residue
- thermodynamics to the thermodynamics of the whole helix is
the ZB theory[10] that is suited to deal with homopolymers
having constant length. However, natural peptides usually

FIG. 1. Information entropy profile vs residue number of the have nonuniform compositions. In addition, they are com-
crystallized fragmen255-316 of thermolysingPDB code, 1TRL ~ monly viewed as flickering elements undergoing fluctuations
calculated according to the procedure of R@0] (see text The  in length on quite short time scales, as compared with the
step function superimposed to the curve indicates the location of thgme scale of the measuring apparatus or the typical times of
a-helices predicted by the neural network. The ISs of folding arefgrmation of tertiary contacts in protein foldinfp4—29.
defined as the segments classified as helical regions by the neurphis is consistent with the dissection of the folding process
network that correspond to the minima of the entropy plot that liejy fast and slow dynamical subprocesses. Borrowing the ter-
below a threshold entrop§=0.416[20,21]. The ISs comprise those minology of the DC model, the IS helices can be viewed as
residues that d_eviate fro'm the entropy minimum by less tha_n O'Oﬁuctuating microdomains that, in the early steps of folding
o o e T 1 Span e 307 et apaand under the actonof short fange neractions, reach a fm-

: o : ) porary equilibrium conformation that concludes the local fast
303-306 regiongblack barg. The first helix does not include any dynamics. In the meantime, the IS helices undergo a slow
IS. diffusion-collision process that mimics the global dynamics.

. . . ) ) . Such a clear-cut difference in the time scales suggests that
domains that participate in the folding mechanism depicteq},g simplest way to generalize the ZB theory into a descrip-

as a comparatively slow diffusion-collision process. Usingiion of the fluctuating IS helices is to devise an equivalent
the DC mode[17-19 and the thermodynamic characteriza- 75 model that is averaged over the possible lengths of the
tion of the IS helices we eventually get accurate predictionge|ix at issue. It should be also remarked that relying on the
of the folding times of small helical proteins with two-state neyral network to implement the averaged ZB description
folding. Finally, we discuss the relationships between oury,tomatically takes into account the chemical heterogeneity
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model and the DC and NC pictures of protein folding. of the protein segment.
Using the ZB formalism, we express the equilibrium con-
I. ESTIMATING THE STABILITY OF THE IS HELICES StantKn for the formation of am-residue helix in terms of

the equilibrium constants for nucleatiofik!"“=¢s) and

As a first step we identify the ISs in the sequence of tthIongation(Kﬁ"’”g:é“‘l) asK,=o0s". Moreover, we take into
protein under study. We have shown that the output of gccount that helices fluctuate among different folded states
neural network can be processed in order to identify the pugith a variable numberj e[1,n], of helical residues. To
tative regions of the sequence corresponding to the ISs Gfake contact with the experimental helicity measurements,
foId|n.g_ of helical proteing§20,217]. For _thenth reS|dL_|e being e assume that the effective equilibrium constégy corre-
classified, the output vector can be viewed as a discrete pro%‘ponding to the measured helical contents is approximated
ability function[p,(n),p.(n)=1-py(n)] defined in the space by the average constant
of structureg a-helix (h) and random coilc)]. p,(n) is the

probability that the residue in positionhas helical structure. " "o
The Shannon information entropy for théh residueS(n) = Kett= E Ki/n= E os/n. (1)
—pr(N)In pr(n)=[1-py(n)]In[1-py(n)] has been shown to be =1 =1

equivalent to a measure of frustratif2?], and can be used getting os=exp(-AG;), where AG, is the free energy of

to draw an entropy profile along the protgkig. 1). We have  tormation (in RT units) of an i-residue helix, we can re-
proved that the ISs are found in the lowest entropy minimag,ite Eq.(1) as

corresponding to helical structur§®0]. Note that the very
definition of an IS implies that its residues trigger the nucle- Kot = [exp(— AG,) — exp(— AG,)/[n(1 -9)]. (2)
ation step of the coil-to-helix transition of the IS helices they
are in. According to the ZB theorl0], nucleation is fol- ~ Within a continuous picture, the total free energy; is
lowed by the elongation step which results in the formationwritten asAG, (as a function of a continuos coordinatg
of the IS helical structure. and can be calculated @G,=J} Ag(y)dy, wherex, repre-

To address the thermodynamics of the IS helices we desents the coordinate of the local entropy minimum, where the
rive their energy landscape from the entropy profile. To elunucleation process is expected to occur. Using the second
cidate the relationship between the thermodynamics of théheorem of the meaf29] to compute the jump of the func-
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tion exp—AG,) between the first and theth residueq(in B, A Be
positionx, and x, respectively, Eq. (2) becomes 0,5 * g
N
oo - [ samoesgana-o. @ \\ %
= €Xp — g(X)ax | Ag -9S), . on
© X0 0,3 Kowe 73
§ | cem-=- T

where & € [Xg,X]. The exponential in Eq(3) can be trans- 0.2 8>
formed by using the above mentioned relationship between
Ag(x) and S(x). Then integrating by parts and applying the 0.1
second theorem of the me&B9] to the resulting integral 0 - <
leads to 9 92 94 9% 98 100

4 Residues
eXp{— J Ag(X)dX} = exp{- [S(&) - S Iph(2] 7,
X0 FIG. 2. Derivation of thermodynamic parameters of the IS heli-
(4) ces from the information entropy profile, through a graphical esti-
mation of Eq.(6). The curve reproduces a stretch of the entropy plot
wherez e [Xo, £]. The final form of Eq.(3) as a function of corresponding to the last NIS helix of protein 1HR§ze Table |

entropy is and Fig. 4. The entropy minimunt(x,) is found inxy=96. The
horizontal dashed line signals the average entri&yof the NIS
Kefr= exp— [S(&) — Sx) V[ pr(2 1S (O pr(HT X1 -9 helix under study. The residues are divided in two subséts
(5) ={residues witl5<(9} and B={residues with5=(S)}=8 U Bg.

The horizontal dotted line represents the average entBpycal-

A more manageable form of E¢p) ensues if we suppose culated over the sedl. The vertical arrow represents 1S, that
that S(xo) is negligible compared t&(&). This condition is  estimatesk,,q. This amounts to settingyi=(S in the graphical
certainly fulfilled by good minima that have very low values estimate ofKyy¢=1-Syi, referred to in the discussion to E€).
of information entropy. Moreover, the last two factors in Eq. This choice has given optimal results in implementing the DC
(5) provide logarithmic corrections to the exponent of theModel- As explained in the text, the alternative chdig,=S(x))
exponential term. Their contribution can be included in the” (96 made on comparing CD data and calculated helicttee
integral, provided we shift the upper limit of integratigrof ~ ~'9: 9> implies that the seid has shrunk tag. To compute the
Eq.(4) to a suitable valug (correspondinglyz & [xo,y]). For average slope¥-SandV"S of the entropy proflle(dashgd lines in
example, the correction due (-t can be readily evalu- ilf]LgngrllﬁdR)é a least squares procedure has been applied to the data
ated provided that the physically meaningful conditgsnl t K
is met. In this case the correction translates to a shiff of

towardsx,. On expanding the exponential to first order, Eq. 10N A= Kert for a fluctuating IS helix, we can estimageby

(5) takes the form means of the graphical estimation devised in Fig. 2.
Kerr={1 = Sy)/Pr(2}S (y).- (6) |l THE IS HELICES AS BUILDING BLOCKS OF FOLDING
Retaining the factorization dfey in the product of an ef- Having computed the helicity we are in a position to

fective nucleation constant and an effective elongationnyestigate the role of the IS helices as building blocks in a
constantKes=KnycKeiong, We identify the factor in braces modular mechanism of protein folding. To this aim we in-
in Eq. (6) with K¢ and factorS'(y) with Keong For lack  quire whether the thermodynamic features of any IS helix
of explicit estimates fory and z we devise an approxi- within the native protein can be extrapolated to the same
mated graphical procedure for evaluatikg, andKeong  isolated peptide. To perform this test we have taken from the
from the entropy profile. On account of the general struciterature a set of isolated peptides comprising an IS of the
ture of Eq.(6), we setK,q~1-Sy, whereSy,is related parent protein and for which the helicities have been deter-
to the entropy minimum. We use the simplest choicemined experimentally through circular dichroig@D) mea-
Snin=S(Xo) to evaluate the helicities of the IS helices. A surement$33] (see legend of Fig.)3The 8 value of each IS
slightly different choice has proven more effective in thehelix has been calculated from the related entropy profile
calculation of the folding rates, as illustrated below and infollowing the procedure shown in Fig. 2, and then has been
the legend of Fig. 2. For the elongation constant we haveompared with the corresponding experimental CD value
set Kejong™ Siins Where §,;,,=min{V-S,VRS} and V'S and  (Fig. 3).
VRS are the average entropy gradients in the left and right We do not expect a perfect correspondence between the
sequence regions flanking the (See Fig. 2. absolute values of CD and calculated helicii8s. The main

The constant lends itself to the calculation of the reason is that the thermodynamic properties of the IS helices
helicity B, i.e., the probability that a peptide is in the helical have been computed using the native entropy landscape of
state. In order to comput@ for ann-residue helix we recall the NIS helices derived from the native structure of the pro-
that, in the case of strong cooperativitgy<1), S=K, tein. This procedure would closely approximate the experi-
=KNUeKelond see also Ref31]). Thus, using the approxima- mental results in the case that the tertiary interactions give a
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" Tyoo27 %018 mally frustrated character of the 1$80] is inherited by the
s IS helices.
i Further evidence that the formation of each IS helix
within the full protein parallels, in the average sense de-
4 1TRLE scribed above, the process occurring in the isolated peptide,
HEN) sLzm is provided by the simulations carried out on the isolated
® ARAZ helices of apomyoglobii38]. The computational data and
2 . = our ranking of the IS helices according to tBevalues agree
| g S in pointing out the largest stability of the NIS helic€sand
ARAY o : H, as compared to the other helical regions.
oo ; - : According to the ZB picture, the coil-to-helix transition in
0 5 " gepy ® ® % the nucleation site is expected to be faster than the compara-
tively slow elongation process. Therefore, kinetic studies can
FIG. 3. Comparison of the helicitied(NN) calculated through  be useful to probe our contention that the putative nucleation
the neural networkNN) and experimental helicitied(CD). Circu-  sijte of an IS helical segment corresponds to the minimum of
lar dichroism valuegCD) were measured on the isolated peptidesthe entropy plot. Time-resolved experimefi®§] on the he-
indicated in the panel. The labels for ARA, COMA, Clll, 3LZM, jical segments of apomyoglobin indicate that the central re-
and Sigma are the same used in the original paper reporting the C&ons of helicess andH (corresponding to segments 102—
values(see Table 3 of_ Rei{34]): In addition we have c_onsidered 115 and 133-143, respectivglyundergo the fastest
the data for two helical peptides of the thermolysine segment . qitions to the helical conformation. Therefore, they are
(shown in Fig. 3 (spanning the 281-295 and the 301-310 regions likely to include the nucleation sites of tl@& andH helices.

that were drawn from Ref35], and the H and G helices of myo- g . - .
: o This is fully confirmed by our predictions, since the entropy
globin (PDB code, IMBD, that were studied in Ref36]. The NN 40500 150) identifies the IS of the IS heliG with the

values were estimated by processing the full sequence of the aboV .
mentioned proteins with our neural network-based procedure. Th& 9-116 segment, and the IS of the IS hetix with the

experimental helicitie$l(CD) are usually expressed as mean helic- 125-143 region. . )
ity of each of theN residues of the peptide, whekeis the number A further test can be carried out on helix 4 of cytochrome

of the helical residues as determined from crystallographic data. T6 in which the essential steps of formation have been moni-

remedy the discrepancies betweé¢and the number of helical resi- tored with NMR experimentp40]. The temporal ordering of
dues predicted by the neural network,we setH(CD)N=ng. The  the events as revealed experimentally indicates that residue

scatter plot compare$i(CD) with H(NN)=8n/N (H(CD) and 95 acquires its helical conformation in the shortest time, fol-

H(NN) have been expressed in pergefithe equation in the left lowed by residue 91 and eventually by residue 100. This

corner refers to the least square line. finding is fully confirmed by our analysis. The entropy plot
clearly exhibits a deep minimum at residue 96, whereas the

nearly vanishing contribution to the native structure. How-!S spans the 95-97 segmesee Fig. 4

ever, we must bear in mind that although the NIS helices are

minimally affected(compared to the rest of the protginy

the long-range interactions that intervene in the late stages ofll. RECONSTRUCTION OF THE FOLDING DYNAMICS

folding, the effects of these forces are not completely negli- . .
: . - ) In order to provide more cogent evidence as to the funda-

gible even in these minimally frustrated regions of the pro- ental role of the IS helices in the folding mechanism. we

tein. This introduces a deviation between the properties of! 9 '

. . ! . . show that these same helical regions can be used to recon-
the isolated peptidegot subjected to any tertiary interac- .
. . struct the whole folding process. As a matter of fact we dem-
tions) and the native entropy landscape used to evaluate the . . e
B’s o)f the IS helices. Afurtr?gr source gf discrepancies can bgnstrate that the IS helices provide the minimal set of deter-

L . : . minants which rule the full kinetics of the folding process.
traced back to the approximations inherent in gj.and its o . : . .
. AR . -~ The test consists in computing the folding times of helical
graphical estimatioiiFig. 2). The issue of the level of noise

: : . proteins with the DC model, where we equate the IS helices
affecting the entropy profile has been addressed in [28]. with the microdomains undergoing the diffusion-collision

Nonethele_:ssz if the NIS helices preserve to some @dentrocesses. The small helical proteins used as a benchmark
the substantial independence on the context that is typical . ! : X

: , and the corresponding IS helices are listed in Table I. The
the 1Ss and the IS helices, we are confident that some rela-

tionship exists between th@ values and the CD helicities. implementation of the DC model follows the standard ver-

o sion[17-19,30-3R
Act'ually, the two sets of va!ues shown' in '_:'g' 3 tur_n o_ut t.o be The characteristic time; for coalescence of the colliding
satisfactorily correlated with correlatiop=0.9. This indi- !

cates that the essential factors determining the helicity in thre‘r1|crodoma|ns(labeled| andj) can be evaluated as

isolated peptides seemingly determine the trend of the helical G VLA-8)
content of the IS helices in the protein’s interior. It ensues =5t —J‘__ : (7)
. ; ) D ADg;
that even in the context of the whole protein the IS helices
exhibit the character of semi-independent elements. Such la Eq. (7) A is the sum of the areas of the colliding micro-
minimization of the conflicts between local and global inter-domains that in the spherical approximation are ascribed the

actions[37] allows us to conclude that, in a sense, the mini-radii R, andR;. D is the relative diffusion coefficient defined
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2ABD Consequently, the search time to reach the helical state is
12 shorter. In a refined version of the present diffusion-
collision calculation one can tune theparameter for each

! IS helix. Here we have made use of a more rough crite-
08 rion, where we have taken into account the average en-
tropy value of all the ISs directly from the entropy plot of
» 08 the protein under study. In Fig. 4 the entropy profiles of
R J f.\' 2ABD and 1HRC clearly exemplify the difference be-
°‘4"5‘\ f\/ ’x / tween a protein endowed with low-entropy IS helices
02 M 1 N (2ABD) and a protein with high-entropy IS helices
U V \ ,.‘ N (1HRC). Accordingly, we use a smalt (0.1 n9 for pro-
0 - . ; - teins with helices that are characterized by low informa-
1 11 21 31 41 51 61 71 81

tion entropies, and a comparatively largefl n9 for pro-

Residues teins with ISs that are characterized by higher information

1HRC entropies.
12 Predicting the structure and the ISs of small proteins like
1ENH is a tough problem for the neural network due to the
1 small size of the protein. In this case it is likely that bound-

ary effects have a more sensible influence on the reliability
of the prediction. Such effects arise since the sliding input
window of the network17 residue longhas blank sites until
the center of the window reaches the ninth residatethe

04 2 A Y A N-termina), and as long as théN-9)th residue(at the
/ /\‘ / X 1 \ N\ ]‘\ C-termina) is trespassed. The entropy profile of 1ENH is
02 X X : . :
I noisy and less reliable in th€-terminal region of the se-
0 \,—f v v V v \ quence. To circumvent this difficulty we have used a single-
T 1M 21 3 4 s e 71 8 el 101 sequence input for the neural network instead of the
Residues multiple-sequence alignments that have been adopted for the

other four proteins. By so doing helix 3 of 1ENH turns out to

FIG. 4. Entropy profll_es_ of 2ABD and 1HRC, based on the o o N helix, although the entropy signal is still quite
secondary structure prediction of the neural network. The averagﬁoisy

entropy of the ISs of 1HRC, estimated at the minima of the 60s and In the standard DC moddB1] the key parameter is the

e T e s o Tyl probebilty P, hat akes no account he prerequisies for an
effects of noise in the entropy signal are visible in that two veryef‘fectlve CO”'S'OD to occur, "e'.’ E.l Conlslon that IfeSUItS ”? the
short helices are not predicted by the neural network. stab_le aggfega“on (_)f the qo!lldlng m|crc_)doma|ns,lll¢':1beled
and j. When ineffective collisions occumith probability 1
I . . : -P;) the microdomains bounce back and the diffusional dy-
aSD:kI?T(Ri 1+Ri )16, wheren is the viscosityG andL nan]1ics starts anew. According to RE81] we defineP;; as
are defined as P, ='Y]'8'B"I=m+n). Indexesn,m=1 refer to the rank,
) erna)@ - Qe+ 56— &) ® ié?é’aﬂﬁ iuzmber of IS helices forming each microdomain.
15¢(1 - €) The factorg! (folding probability measures the probabil-
ity that the structures of thigh IS helix is sufficiently close
1 aRpgtant a(Rnac R~ 1 @ © the native form[31,32. Estimates forg* are obtained
Rin @ aRax— tanH a(Roax— Rin) ] according to the graphical procedure introduced above.
The factory!" (orientational probability gives the prob-
G andL depend on the geometric parametB§,=Ri+R;,  ability that each microdomain approaches its partner with a
Rmac=Rmin* linker length and ona=(D7)™% €=Ryi/Rnax  favorable orientation. Estimates ¢ff in terms of geometrical
and V=47(R3 ~R%,)/3. 7 is the time constant for the features usually result from computing the ratio of the lost
coil-helix transition for which we have assigned the val- solvent accessible area to the total accessible [@Ha(see
ues 0.1 and 1 n¢Table Il). These values are consistent Table I). Van der Waals volumes of the helices have been
with the values currently used and suggested in the literacomputed by means of TINKER; the program DSSP pro-
ture[31,41-43. The choice of the appropriatehas been vided the accessible surfaces of the various helices as well as
made according to the following heuristic criterion: the the surface that is lost upon contact. The parameters used in
lower the entropy of the IS, the more biased the configu-our calculations are collected in Tables | and II. Following
rational probability densityestimated by the output of the the original implementations of the DC model we gt
neural network towards the helical structure. This, in =1 for the aggregates with rankh=2 [19,30-32. This
turn, implies that the residues at haffgelonging to any amounts to assuming that stable interactions are established
foldon) are more prone to reside in helical configurations.between microdomains undergoing effective collisions. The

L=
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TABLE |. Folding probabilities and geometric features of the IS helices belonging to the five proteins examined in this paper. 1ENH is
the engrailed homeodomain; 1LMBA4 is the fourth chain ofXhrepressor; 1IMQ is the Colicin E9 Immunity Protein Im9; 1HRC is the horse
heart cytochrome and 2ABD is the acyl-coenzyme A binding protein. The helices numbering in the second column is as usual fdlom the
terminal to theC terminal. The residues in the third column correspond to the ends of the NIS helices predicted by the neural network. The
IS helix column lists the range spanned by each IS hf?ﬂ)Gpecifies the folding probability of théh IS helix. The remaining three columns
give the solvent accessible area, the volume of the native helices and the total accessible surface lost upon pairwise collision. The latter figure
is expressed as the sum of the surfaces lost by each microdomain.

Protein Helix Residues IS-helix B Area (A2 Volume (A3) Surface losgA?)

1ENH 1 8-18 10-14 0.076 1610 1869 R&i2): 244+234
2 23-36 27-28 0.031 1828 2413 Ra#3): 197+184
3 40-48 40 0.006 1294 1582 R&3): 321+286

1LMB4 1 9-26 13-22 0.099 2307 2467 Rai4): 151+157
4 59-70 63-66 0.085 1378 1445 Ra5): 67+76
5 79-90 82-83 0.048 1475 1578 R4ir5): 115+99

1IMQ 1 11-24 15-20 0.087 1544 1664 R&#2): 289+267
2 30-41 36-38 0.019 1725 1575 R&#3): 224+245
3 65-77 70-71 0.008 1505 1549 Rai3): 76+59

1HRC 2 61-69 65-67 0.015 1388 1227 P2#3): 309+330
3 90-100 95-97 0.059 1672 1516

2ABD 1 2-13 7-10 0.056 1397 1468 Rair2): 62+60
2 22-30 25-26 0.0005 1289 1241 R&ird): 341+362
4 66-83 70-77 0.018 2077 2385 Rair4): 300+264

time evolution of the probabilities of the different aggregates IV. DISCUSSION

is ruled by a master equation in which the transition prob-

abilities per unit time are computed (aq)‘1 [31]. Following Apparently, comparison with experimental data shows

Ref.[31] we have simplified our simulations by treating the that our estimates of the folding times are fairly accurate
aggregation reactions as if they were irreversible. Accord(Table I). This indicates that our model has taken into ac-
ingly, we have set equal to zero the transition probabilitiescount all the crucial events that determine the folding kinet-
that describe the dissociation of any aggregate. ics. These results are particularly intriguing since only a sub-
The DC-like dynamics of the IS helices has been used tset of the helical regions of each protein have been included
compute the folding times of a set of five proteins whosein our simulations of the folding proceg=<n, in Table I)).
kinetics has been experimentally investigated. The results afe this respect the identification of the IS helices with the
displayed in Table II. microdomains of the DC model introduces a meaningful
_ novelty as compared with previous implementations of the
JABLE.”' Glolt}allgarameters faﬂd gompar'sc,’” (l)'f thg ,CorTnill‘teldDC dynamics in which all of the native helices of the protein
and experimental folding times of the five proteins listed In Table |\, e study were considered in the computational scheme
The first column indicates the PDB code of the proteMss the
. S 5 . [17-19,31,32,41,44,51
number of microdomainé.e., IS helices used in the FDC model. . . .
. : : . The fact that despite this we capture the essentials of the
N, is the number of native helices of each protéie., the number . . . T .
Cfoldlng dynamics, suggests that besides driving the initial

of microdomains used in the standard implementation of the D f foldinal201. the IS heli iticall | th
mode). L is the length of the proteittotal number of residugsris ~ StePS Of folding[20], the elices critically control the

the adjustable relaxation time of the coil-helix transitions. The guid-!('ne_tICS of the Wh0|e, folding process._ As f"‘ COfo"?lry' t,h's
ing principle for the choice of a short or a longs illustrated in the  IMPlies that the settling of non-IS helices into their native
text. Teompdenotes the computed folding time angyis the experi- ~ Structure occurs in the late stages of folding and is non-rate-
mental folding time. The experimental times of 1ENH has beenlimiting. Notwithstanding the different definition proposed in
taken from Ref[2]; the data for 1LMB4, 1IMQ, 1HRC, and 2ABD this paper, these characteristic features make the IS helices

have been drawn from Ref50]. conceptually similar to the foldons that have been introduced
in Refs. [45,4 as the ultimate determinants of folding.
Protein N L NS TeomdMS)  TexduS) Therefore, we feel entitled to refer to our picture of folding
as the foldon diffusion-collision mod¢FDC mode).
1ENH 3 3 5 01 30 27 Clearly, the prominent role assigned in the FDC model to
1LMB4 3 5 92 0.1 213 204 the IS helices is consistent with the finding that preorganized
1IMQ 3 4 86 1 680 670 elements with nativelike secondary structure play a major
1HRC 2 5 105 1 2300 2500 role in the overall folding kinetics of small proteins
2ABD 3 4 86 01 4400 5000 [47-49,5]. It has also been argued that topology and stabil-

ity critically affect the folding rat¢52—-54. The FDC mecha-
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nism relies essentially on the same ingredients although in ive weight to the native vs non-native interactions and to
somewhat different form. Topology of the native state islocal vs global forces. This is a hint as to the fact that the
linked to the distribution of the IS helices in sequence. ThisFDC model may provide a unifying theoretical framework
brings in the separation in sequence of the critical residuethat shifts from the DC modéin the case of very stable
that is related to the contact order introduced in RBg]. foldong toward less hierarchical mechanisms with decreas-
The signature of the key residuéspatial proximity in the ing values of theBs. This issue will be investigated in a
native structurgis here supplanted by the minimal entropy forthcoming paper. This feature of the FDC model is in full
criterion and the participation in the IS helices. Interestingly,accord with the recent extended nucleus theory that similarly
from the DSSP files it turns out that the IS residues listed inviews the DC and NC schemes as manifestations of the same
Table | are in mutual contact. Therefore, since they meet thanderlying mechanisr,2].
criterion used in Ref[55] they contribute to the final value The FDC model shows also that local biases for helical
of the contact order. structures make it possible to preaverage fast degrees of free-
As far as the second determinant of folding is concerneddom. More than that, the effectivity of the FDC model in
in the FDC model stability is only partially accounted for by reproducing the overall kinetics lends support to the minimal
the folding and orientational probabilitigd' and y,. Other  entropy criterion as a useful tool to achieve a substantial
contributions, like the stabilities of the non-IS helices arereduction of the relevant degrees of freedom and to focus on
neglected whereas long-range interactions among the micrdhe critical residues by mere inspection of the protein se-
domains are only in part and implicitly taken into consider-gquence. In this respect, the FDC scenario represents a sig-
ation in thes and »}. nificant advancement toward the extension of the Anfinsen’s
In this connection it must be noted that some approximathermodynamic hypothesisequence determines the native
tions affect our results in that our picture relies on a simpli-structurg to the realm of kineticg§sequence determines the
fied description of the interactions among colliding helices.rate and pathways of folding Finally, the FDC model
In fact we are using the simplest version of the DC modelstresses the role of the minimally frustrated segments of the
where the microdomains undergo a process of free diffusiofrotein’s sequence in the rate-limiting stages of folding.
with suitable boundary conditions. More sophisticated pic-From the point of view of the fundamental theory, the FDC
tures of the intramolecular collisions are conceivable inmodel provides effective means to associate the appropriate
which the parameterg! include the effect of activation bar- minimalist models with real helical proteiri8]. The result-
riers[18]. In a sense this implies that in the FDC model theing reduced model possesses a simplifiedt not oversim-
role of long-range interactions is underestimated with respedtlified) energy landscape combining the relevant smoothness
to that of short-range interactions. Nonetheless the effects @nd roughnesf62] that allow a fairly accurate description of
this approximation are mitigated in the case that local force¢he whole folding kinetics.
give a predominant contribution to the definition of the fold-
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