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A diffusion-collision-like model is proposed for helical proteins with three-state folding dynamics. The model
generalizes a previous scheme based on the dynamics of putatively essential parts of the protein (foldons)
that was successfully tested on proteins with two-state folding. We show that the extended model, unlike the
original one, allows satisfactory calculation of the folding rate and reconstruction of the salient steps of the
folding pathway of two proteins with three-state folding (Im7 and p16). The dramatic reduction of variables
achieved by focusing on the foldons makes our model a good candidate for a minimal description of the
folding process also for three-state folders. Finally, the applicability of the foldon diffusion-collision model

to two-state and three-state folders suggests that different folding mechanisms are amenable to conceptually
homogeneous descriptions. The implications for a unification of the variety of folding theories so far proposed
for helical proteins are discussed in the final discussion.

I. Introduction partially overcome by a suitable interplay of entropic and energy

Investigations aimed at elucidating the complex features of factors. The key ingredient is the minimal frustration require-
protein folding have first addressed the calculation or prediction Mment® which results in a funnel-shaped landscape that reduces
of statical features (essentially, native protein structfe3his to the right order of magnitude the otherwise astronomical
has been depicted as the decipherment of the second half ofolding times of proteins (Levinthal’s paradok}? Relevant to
the genetic codeand recently provides the underpinning of the the present paper is the interpretation of the minimal frustration
structural genomics projeétHowever, in the past few years requirementin helical proteins that was provided in ref 13. This
increasing evidence has accumulated as to the importance ofeads to the hypothesis of the existence of regions of the
the dyamical events preceding the stabilization of the native sequence comprising contiguous residues with helical structure,
structure. For it has become clear that the process of folding is where there is minimal conflict between the constraints imposed
involved in a delicate regulatory network where perturbations by global and local interactions. We refer to these segments as
in the timing of parallel events is critical for the correct the foldons. This term is not new in the literatifré® and its
functioning of the cell or the manifestation of well-known use in this framework was justified in ref 17. In ref 13 we have
pathologies: ¢ Moreover, detailed knowledge of the mech- illustrated a method to detect the minimally frustrated segments
anisms underlying the folding of proteins affords guiding with native helical structure directly from sequence.

principles also in the rational design of protelnSorrespond- The comparison with experimental data carried out in ref 13
ingly, the focus of research on protein folding has shifted from g,ggests that the foldons are likely to correspond to the initiation
the study of protelngfigucture to the kinetics and dynamics of gjies of folding where marginally stable elements of secondary
the folding proces$®° However, as of yet, protein folding gy cture (IS helices) are formed as the precursors of the native
poses a formidable problem since simulating or monitoring the ¢4|4on-containingx-helices. This is an important refinement of
entire gamut of events that constitute the process is within reachy,o assumption, customary in diffusion-collision modéthat
of the avaﬂablg technology 0”'}’ for small p'eptldés. intrahelical processes are more rapid than the rate-limiting step
Much of the inherent complexity of the folding process comes ¢ ¢ ing. We have also arguit’that IS helices are stabilized
from the frustrated character of proteifisFrustration is the oo qominantly by local (or short-range) interactions, i.e., interac-
|m9053|blllty of optimizing S|multanequsly the numerous INter-  jons that occur between residues that occupy close positions
actions that are dictated on each residue by the native structure sequence. This implies that, upon being formed, they are in

?II the gro}e_m. This fealtur((ej IS responﬁlbrlle ll‘or ths ruggtidness Olf]a position to induce concomitant reduction of energy and entropy
€ underlying energy landscape, which slows down the search,, g required by the funnel theory of protein foldiy.Finally,
for the energy minimum. ) . :
A + of this dead end h dsi it has b it has been pointed out that the influence of foldons and the IS
reCOW:il)Z/e?:Iu th?at ﬂ:Se uena(‘jese}rableasef?é?:?srg:f frsllgtcr(;t:ona:anesghe"ces on the folding dynamics extends to longer time scales
9 as they are the building blocks that determine the entire folding
dynamicsl’ Evidence for this comes from the foldon diffusion-
collision model (henceforth, FDC model), which was applied
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This paper addresses the paradox arising from the fact that AB AC BC
although applicability of hierarchical pictures to three-state 2 4
folders has been advocated in a recent discugSiangd despite BC
the successful application of the FDC model to two-state AC AC
folders!’ we have ascertained (see Table 5) that the FDC model 113 AB 6 8
grossly fails when applied to proteins Im7 and p16 with three- BC
state folding?34%-44 To settle this issue we introduce the FDC3
model as an extension of the FDC mddeind then show that BC AB
the FDC3 scheme successully rationalizes the experimental data 5 7

for Im7 and p16. The plan of the paper is the following. In the

Methods and Theory section we illustrate the new features Figure 1. State numbering for the folding process of a protein with

introduced in the FDC3 model to account for the complexity th_ree IS he_Ilces A, B, and C. State 1 is the unfolded state, where the
f three-state proteins. In section Ill we present the results microdomains of order 1, A, B, and C are completely uncoupled. State
0 p - p 8 represents the native state, where all the native interactions have been

obtained by applying the FDC3 model to three-state proteins estaplished within the aggregate ABC of order 3. The intermediate states
Im7 and pl6. The refined description of the folding process correspond to the progressive coalescence of the microdomains. For
provided by the FDC3 model is also tested on the two-state example, as indicated over the related arrow, passing from state 1 to
proteini-repressor. In section IV we compare the effectiveness State 2 requires the aggregation of microdomains A and B (aggregate

of both dynamical schemes (FDC and FDC3) on two-state and of order 2). For the further transition to state 4 to occur, microdomain
. C has to aggregate with A forming an aggregate of order 3. The

three-state folders and discuss the physical grounds for the'rtransitions that result in the establishment of the missing interactions

_com_pler_nentarity. In the concluding section we discuss the are referred to as internal transitions. By way of example, an internal
implications of our results for the general theory of folding.  transition occurs between microdomains B and C on passing from state

4 to state 8. Similar internal transitions are involved on passing from
Il. Methods and Theory states 6 and 7 to state 8.

The general procedures adopted in this paper to study the o . ) .
folding process consist of the FDC motand its generalization activated d|ﬁu§|onal motions apd binary collisions. The §ubse-
devised in the present section (FDC3 method) to better accountduent coagulation of the IS helices leads to the progressive for-
for the increased complexity of three-state folding dynamics. Mation of clusters (microdomains) of increasing rank. The rank
Before illustrating the details of both models it is convenient IS the number of IS helices composing the microdomain. The
to summarize the common architecture of these two computa-Pirth of @ new microdomain at the expense of the older ones
tional schemes. To keep the analysis as simple as possible, itvith smaller rank hallmarks the transition to a new state along
suffices to refer to proteins with three IS helices. The essential the folding pathway. In a protein with three IS helices the states
steps of the FDC and FDC3 folding models are the following: @nd the possible pathways are illustrated in Figure 1. Once all
(a) use of a neural network-based predictor to infer the secondarythe® microdomains participate in the globular cluster with the
structure from the protein sequence; (b) construction of the highest possible order, the folding is considered to be complete.
information entropy plot starting from the output of the neural ~ The brownian motion of the coupled microdomains is
network; (c) detection of the foldons from the entropy plot described by the stochastic part of the FDC model that relies
according to the minimal entropy criterion; (d) calculation of ©n the classical DC theoff-?34!The elementary event is the
the folding probability of the attendant IS helices; (e) calculation €ncounter of two microdomains. The characteristic timéor
of the folding probabilities of aggregates with two IS helices; coalescence of the colliding microdomains (labeladdj) can
(f) calculation of the folding time via the diffusion-collision ~ Pe evaluated as
dynamics of the IS helices as described in ref 17; and (g) Kt
description of possible paths through the intermediate states 7 = G + VL1 - Pi ) 1)
allowed by the coalescence mechanism that is inherent in the " D ADP. Kt
FDC/FDC3 models. State numeration follows the diagram of !

Figure 1. The FDC and FDC3 procedures differ as far as step n eq 1,A is the sum of the areas of the colliding microdomains.
(e) is concerned. _ In the spherical approximatiéf?84leach pair of microdomains
The search for the foldons is based on a feed-forward neural are ascribed the radi; andR. van der Waals volumes of the
network that is used to predict the secondary structure of helical helices have been computed by means of TINKER. The radii
proteins. We adopt the simplest partition of the space of of the microdomains are evaluated as in refR1s the relative
structures intoo. and nonet structures. The specifics of the  yiffusion coefficient defined a® = keT(R: + ijl)/6m7
neural network used in this paper are as described in ref 17.\yherey is the viscosity. The temperatuflewas set to 298 K

The neural network is trained with the error back-propagation gnq the factoksT/6y was given the value 328.24%ks. G
algorithm on a database comprising 822 proteins from the PDB. 54 are defined as

We process the outputs of the neural network to find the position

A

AC

of the foldons and to estimate the probabilities of formation of R2.(5 — 9¢ + 5¢% — €9
the corresponding IS helices. This can be done by exploiting G=-— 3 (2)
the information entropy profilé associated with each protein 15(1 - €)
sequence (Figures 3, 6, and 8). B _

The fundamental principle is the minimal entropy criterion L t= 1 + aaRmaXtanhh(Rmax Ro)] — 1 A3)
that was stated in ref 13. Basically, two requisites must be met Rin oRax — tanhlu(R . — Ryin]

for a prospective foldon: it must possess both a below threshold

entropy minimum and aa-helical native structure. The entropy G andL depend on the geometric parametBig = R + R,

threshold is defined in ref 40. Rmax = Rmin + linker length and oro = (D7)™"2 € = Rmin/
The FDC model envisages the early formation of marginally Rma, andV = 47(R’., — Rei)/3. ¢ is the time constant for

stable protostructures (the IS helices) that undergo thermally the coil-helix transition. Collisions are effective when they result



A Model of Three-State Protein Folding J. Phys. Chem. B, Vol. 109, No. 9, 2005217

in the aggregation of the collidingh andjth microdomains. ate, in that for the three-state folders Im7 and pl6 we get
As far as coalescence is concerned one assumes that effectiveeviations of nearly an order of magnitude from the experi-
collision occurs with probabilityvi‘f'_ This implies that with ~ mental folding rates. Experimental and theoretical folding times
probabilityl — pi‘]?“ no aggregation takes place and the two are compared in Table 5. We assume that the weak point of the
microdomains separate and start a new diffusional step. If the FDC model is the approximatiof = 10k > 1, which
microdomains andj have rankk andl, respectively, in case overemphasizes the self-stabilization properties of higher rank
an effective collision occurs the resultihg more complex microdomains. Therefore we devise a new procedure for
microdomain has rank + |. According to the standard DC  evaluating thqﬁf for aggregates of rank = 2. The improved
model” we definePi‘f" as the product of the orientationaAikI FDC model is henceforth referred to as the FDC3 model. In
and folding (8}) probabilities of the individual microdomains, ~ the cases examined in the present paper it suffices to consider
ie. Pi™ = y¥y! g¥pl. For any microdomain or microdomain K = 2. In ann-residue helix let us vieyf; = pip...pn as the -
clustery®is related to the hydrophobic effect, i.e., to the solva- product of the probabilities that each individual residue is in
tion free energy change of the microdomain. Estimates!‘of the he_hcal (|_.e. folded) co_nformatlon. Each resu_jue belong_u_wg
usually result from computing the ratio of the accessible area to theith helix can be assigned an average folding probability

lost by the microdomain upon binding to the partner to the total estimated by means of the following mean field approximation
accessible ared.The program DSSP provided the accessible

surfaces of the various helices as well as the surface that is lost p=y ﬁil 4)
upon contact.

The FDC model departs from the DC model as far as the As soon as théth helix interacts with another IS helix, we
choice of the microdomains and the evaluation of the folding distinguish among th& residues that are definitely stabilized
probabilities’ are concerned. The significant novelty of the in their helical state from the — R that keep fluctuating
FDC model, with respect to the DC model, consists of between the helical and the coil state. On computing the new
considering the IS helices (rather than the whole set of native folding probability; = pip,...p, we assume that the stabilized
helices) as the critical elementary microdomains that participate residues havg, = 1 whereas the fluctuating ones haye= p.
in the rate-limiting steps of the folding dynamics. The basic To decide a reasonable order of magnitudeRawe consider
idea of the FDC model is that the folding process can be that the inter-helical interactions have a stabilizing effect
dissected in semi-independent events taking place in the ISProportional to the relative lost surface (RLS) (ratio of the loss

helices that subsequently dictate the kinetics of the whole folding in solvent accessible surfacAAS) to the total solvent
process. The physical rationale for this picture is the quite accessible surface (SAS)). We assume that the threshold value

general fact that proteins, like all complex systems, are for _the surface losd,reshfor all the residues to be _fixed in the
characterized by multiscale dynam#&&he ensuing hierarchical helical state, _corresponds to the actugl loss as it results from
organization of folding allows us to split the overall dynamics the native tertiary structure of the protein. We have telkggsn
in local fast dynamics and global slow dynamics that are = 30% in the case of full alignment of the helices along their
governed respectively by short-range (intra-helical) interactions @xes, and lower values on increasing mutual orientation from
and long-range (inter-helical) interactions. The fast dynamics Parallel to perpendicular (see, for instance, the values chosen
pertain to the nucleation and elongation processes of the ISfor Im7). ThusLivesdn = RLS/R, which implies that

helices that, supposedly, settle very rapidly in a temporary

equilibrium staté” under the dominant influence of short-range R= RLSL (5)
forces, consistent with the very definition of a foldon. The Liresh

regions of sequence that do not belong to the IS helices merely

constrain the relative motions of the IS helices. Eventually, one Where R is to be approximated to the nearest integer. In
arrives at a simplified description of the protein as a small conclusion, the folding probability to be associated with an IS

number of connected beads, each bead being an IS®&dlhe helix within a microdomain of rank 2 is
slow dynamics describe the subsequent formation of the tertiary _
structure via progressive aggregation of the IS helices. In the ﬂil =p" R (6)

later stages of folding, tertiary interactions contribute both to

the growth of the coagulated IS helices to their native size and where R is estimated as in eq 5. Therefore, for the folding

to the formation of the non-IS helices. probability of thekth microdomain of rank 2 composed of IS
The FDC procedure to get estimates of the parametbrs  helicesi andj we assume

was introduced in ref 17. The calculation relies on the fact that o

the entropy profile of the foldons provides information as to Be=PB' B 7)

the nucleation and elongation constants of the ZinBragg

theory applied to the formation of the IS helices. In the FDC \yheret andle are computed according to eq 6.

model the values gff are biased as in the original DC model.  The time evolution of the probabilities of the different states
In particular we have chosqﬂﬁ =1 for transitions withk > 1, P (i=1,2, .., 8)is ruled by a master equation in which the
i.e., transitions involving multihelical aggregafég1 This is a transition probabilities per unit time are computed g3¢.2"

simple representation of the progressive stabilization of multi- Following refs 17 and 27 we have simplified our simulations
domains in the later steps of folding due to the increasing by treating the aggregation reactions as if they were irreversible.
momentum of the tertiary interactioAs?° The FDC dynamics  Accordingly, we have set equal to zero the transition prob-
of the IS helices is successful in computing accurate estimatesabilities that describe the dissociation of any microdomain.
of the folding times over quite a large range of timiéslowever, Calculations of the diffusion-collision processes were performed
on addressing the investigation of more complex folding with MATLAB. The folding time is the time required for the
processes the FDC model outlined above is no longer appropri-probability of the native state to attain the value 0.6. The folding
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Figure 2. Three-dimensional crystallographic structures and foldons
of the two-state and three-state proteins examined in the present pape

Stizza et al.

parameters for the implementation of the FDC3 calculation are
gathered in Table 1.

Helix 3 (residues 5255 of the PDB file) is not predicted by
the neural network (Figure 3). Accordingly, it is not subjected
to the minimal entropy criterion for the search of foldons and
the IS helices. This is a typical failure of the generalization
capability of the neural network that, due to the low entropy
value assigned by the neural network-based predictor (Figure
3), can be ascribed to the paucity of examples of the same type
in the database rather than to the noise affecting the sequence-
secondary structure mappifg.

As we shall see, misprediction of helix 3 has little effect on

I . . . . . .
Foldons are labeled A, B, and C. (a) Structure of protein Im7. The the calcu_latlon_ of the folding t!me. Visual Inspectl(_)n of _the
foldons within the appropriate IS helices are represented as black Mutual orientations of the IS helices from the three-dimensional

stretches of native helices 1, 2, and 4. Helix 3 is not predicted by the Structure of Figure 2a shows that helix B is approximately

neural network. (b) Three-dimensional structure of protein p16. The
foldons within the appropriate IS helices are represented as black
stretches of native helices 2, 3, and 5. The foldon belonging to the
native helix 7 is not displayed since it plays a negligible role in the
folding dynamics. (c) Three-dimensional structure of fheepressor
protein. The foldons within the appropriate IS helices are represented

parallel to helix C and angle(A,& angle(A,B). This suggests
Linres B,C) = 30%, Linres{A,C) = 15%, andLinres{A,B) = 20%

(see Methods and Theory) to be used in eq 5. The geometrical
parameters needed to evaluate the folding time (eq 1) are
displayed in Table 1. For the characteristic timen eq 3 we

as black stretches of native helices 1, 4, and 5. These pictures wereChose the value; = 1 ns, that lies in the usual range of values

obtained with RASTOP 2.0.3.
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Figure 3. Entropy profiles of proteins Im7 (squares) and Im9
(diamonds) derived according to ref 13. Helical traits predicted by the
neural network are marked by the nonzero plateaus of the step function
superimposed on the entropy plot. Zero values indicate nonhelical
segments. Note that the short native helix 3 (residue52displayed
in Figure 2a) is not predicted by the neural network. Black bars mark
foldons A (13-19), B (35-36), and C (69-70) (see Table 1) belonging

51 61 7 81

used in the DC and FDC modélis?7:28

Valuable insight into the actual sequence of states traversed
by the protein during the folding process comes from the curves
of Figure 4, that displays the probabilities in time of the relevant
states, according to the FDC3 computation and, for comparison,
to the original FDC scheme.

As shown also in Table 5, the folding time estimated by the
FDC model is 0.77 ms, which is sensibly smaller than the
experimental time 3.06 ni$,whereas the result obtained with
the FDC3 modelrrpcs = 2.98 ms, compares much better with
the experimental value. Notably, different values of the folding
time were reported in the literature (4.20 ms, using the kinetic
data of ref 33 and 3.36 ms with 0.4 M p&0,34. It is evident
that the more realistic description of the interactions of micro-
domains of rank 2 has a visible effect on the overall kinetics of
the folding process of Im7.

In parallel, the lifetimes of states 2 and 4 increase on passing
from the FDC to the FDC3 scenario. More precisely, states 2
and 4 show slower decay in the FDC3 calculations and this
reflects the experimental observability of the intermediate &tate.
States 2 and 4 seem to reach a temporary pseudoequilibrium

respectively to native helices 1, 2, and 4. Despite moderate sequencevhereas their decline accompanies the rise of state 8. State 8

homology, the two curves are remarkably similar. For the sake of read-
ibility of the diagram predicted helical traits of Im9 are not shown. As
in the case of Im7 the native helix 3 (residues55) is not predicted

by the neural network. Foldons A (320), B (36-38), and C (76

71) of Im9, belonging respectively to native helices 1, 2, and 4, are
not marked since they considerably overlap with the foldons of Im7.

times of Table 5 correspond, for example, to the timgzsuch
that Pg(trpcg) = 0.6 in the graphs of Figures 4, 5, 7, and 9.

I1l. Results

A. The Folding of Im7. Im7 (PDB code, 1CEl) is an helical
immunity protein with four native helicé% (Figure 2a). The
secondary structure of 85 out of the 87 residues of 1CEI have
been resolved crystallographically. The entropy profile (Figure
3) was calculated following the procedure of ref 13 (see Methods
and Theory). According to the minimal entropy crite®ff
only helices 1, 2, and 4 meet the requirements for being
considered IS helices. In the sequel we label them microdomains
A, B, and C, whereas ordinals are used to denote the native
helices. The location and size of foldons as predicted by the
neural network are shown in Figures 2a and 3. The relevant

corresponds to the native state where the missing coupling of
microdomains B and C is eventually established. The putative
role of states 2 and 4 in the intermediate of folding indicates
that helices 1, 2, and 4 are mainly involved in the critical step
of the process. Our results are consistent with experimental
dat&® indicating that the on-pathway intermediate of Im7
includes only the three IS helices detected by the neural network
(Figures 2a and 3). Also the mutation study carried out in ref
33 indicates that helix 3 is likely to participate in the helical
core of Im7 only after the aggregate composed of helices A, B,
and C has formed. This is in accord with the fact that helix 3
is not expected to belong in the set of the IS helices.

Next, in experimental works rapid preequilibrium is assumed
between the unfolded state and the intermediate state, followed
by slow relaxation to the native state. The curves of Figure 4
do show the same features.

B. The Folding of Im9. The kinetics of the 86 residues
protein Im 9 (PDB code, 1IMQ) also has been experimentally
characterized* It is commonly accepted that the folding
mechanism is conserved within the same family of prot&ins,
but Im7 and Im9 seem to be an exception. As a matter of fact,
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TABLE 1. Geometrical and Stability Parameters of Im72

A B c A B C
I (A) las =175 lsc = 80.5 s 0.062 0.036 0.019
An Anpg =5 Angc = 23 n 15 12 13
r (A) 8.58 7.85 8.15 foldons 1319 35-36 69-70
V (A3 1958 1501 1678 p 0.831 0.758 0.737
SAS(A2) 1745 1410 1681

A B C
ASAS (RLS) R B ASAS (RLS) R B ASAS (RLS) R B

A 163 (9%) 7 0.227 235 (13%) 13 0.690
B 184 (14%) 8 0.330 15 (1%) 1 0.048
C 243 (15%) 12 0.737 15 (1%) 1 0.026

aShown are the geometrical and stability parameters of microdomains A, B, and C (upper part) and features of the microdomaiks=of rank
2 of Im7 (in matrix form in the lower part of the tabld)represents the length of the linker joining microdomaiasdj (i, j = A, B, C). Aniis
the number of residues composing the linker of lerigtNote thatl = 3.5An, since each residue has the average length of 355dknotes the
radius of the individual microdomain¥.is the volume of the microdomain at hand. SAS is the solvent accessible surface. The folding probabilities
ﬂil are estimated graphically from the entropy profile of Figure & the number of residues in the native helices. The scopes of the three foldons
are given specifying the numbers of the first and last residues of each of phisrthe average probability per residue calculated as in eq 4. The
lower part of the table collects in matrix form the lost surfa&®AS, the relative lost surface (RLS) and the new folding probatﬁﬁtﬂ'he number
of native residues in each IS heliR, is computed as in eq 5. The probabilit@-’sare calculated according to eq 6. The entries refer to helix Y (Y
= A, B, C, matrix row) after binding with helix X (X= A, B, C, matrix column). These values are then used to calculate the folding probability
ﬂﬁ as in eq 7. IS helices B and C lose a small surface upon contact which we fix to 1%.

a of Im7 and Im9 are strikingly similar. The foldons and the
08 1 helices of Im9 are almost coincident with those of Im7 (Figure
. A 3 and Table 2) apart from modest differences within the regions
£05 of foldons A and B that are the major ones responsible for the
E modified kinetics of folding. The relevant parameters for
S04 computing the folding probabilities of the microdomains and

eventually to evaluate the folding time (eq 1) are reported in
Table 2. In the FDC3 calculation we used the same tigrend
the same thresholdsneshas for Im7, due to the similarity of

o
)

o

000 070 140 210 280 350 the tertiary structure of Im9 (not shown) to that of Im7 (Figure
b Time (ms) 2a).
1
1 The folding pathway of Im9 resembles closely that of Im7.
08 Similarly, states 2 and 4 are traversed with highest probability
506 8 (Figure 5). However, meaningful differences emerge as to the
5" behavior in time of the populations of these two states predicted
204 by the FDC and the FDC3 schemes. State 2 of Im9 preserves
& approximately the same kinetics already calculated for Im7 save
02 i for moderate changes in the maximal population. By contrast,
o kel e ‘ state 4 of Im9 is much less populated than state 4 of Im7 both
000 020 040 080 080 in the FDC and FDC3 calculations. Actually, state 2 of Im9 is

Time (ms) the only intermediate state to be significantly populated. As far
Figure 4. Behavior in time of the probabilities of the critical states of as the different trend predicted by the FDC and the FDC3
protein Im7. Times are expressed in milliseconds. States with popula- scenarios is concerned, state 2 grows approximately at the same
tions less than 0.01 are not shown. State 1 is the denatured state angate and attains more or less the same population according to
state 8 is the native state (Figure 1). In the intermediate states 2 and oth calculations but decays more slowly according to the FDC3

only partial aggregation of the microdomains has occurred. In state 2 .
microdomains A and B have coalesced to form the precursor of the method. On passing from the FDC to the FDC3 procedure state

observable intermediate state 4 in which A interacts simultaneously 4 Of Im9 undergoes minor changes in amplitude and decay rate.
with B and C. The curves of panel (a) are calculated by means of the We claim that this finding is consistent with the absence of
FDC3 model. For comparison we report in panel (b) also the curves experimentally detectable intermediates in the folding process
calculated by means of the FDC model. State 2 exhibits a detectablepf |m9, albeit the intermediate 2 is visible in Figure 5. The
population both in the FDC and in the FDC3 model but has a faster relationships between FDC/FDC3 aggregates (Figure 1) and the

decay in the FDC plot. Also state 4 becomes more visible in the FDC3 . di died by th ’ i larified i
calculation due to its longer lifetime. Note the different time ranges on intermediates studied by the experimentalists are clarified in

the abscissas of panels (a) and (b). All the other possible intermediatethe Discussion.

states play a neg_ligible role. State 1 ex_hibits practically the same features  C. The Folding of Protein p16. Proteinpl16NK4a (p16 for

in the FDC and in the FDC3 calculations. brevity, PDB code 1BI7) is a member of the INK4 famff.

Im9 is a two-state folder while Im7 has a three-state folding Kinetic data have been reported recerfiy’* p16 has 154
dynamics. Therefore Im9 is a critical benchmark as it is residues and seven native helite@igure 2b). The PDB file
interesting to check whether the FDC and FDC3 models succeedcovers the region from residue 10 to residue 134. The entropy
in perceiving such a difference in the folding process. In Figure profile is drawn in Figure 6. The residue numbering used in
3 we have superimposed the entropy profiles of Im 7 and Im 9. the present paper, being based on the PDB file, is shifted by 9
Despite moderate sequence homology (60%) the entropy plotsamino acids with respect to the numbering of the entire sequence
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TABLE 2: Geometrical and Stability Parameters of Im92

A B C A B C
I (A) las =175 lsc=80.5 iz 0.087 0.019 0.008
An Anpg =5 Angc = 23 n 14 12 13
r (A) 7.34 7.20 7.16 foldons 1520 36-38 70-71
V (A3 1664 1575 1549 P 0.850 0.719 0.690
SAS (A 1544 1725 1505

A B C
ASAS (RLS) R B ASAS (RLS) R B ASAS (RLS) R B

A 289 (19%) 9 0.444 224 (15%) 14 1.000
B 267 (15%) 6 0.138 76 (4%) 2 0.037
C 245 (16%) 13 1.000 59 (4%) 2 0.017

a Shown are the gometrical and stability parameters of microdomains A, B, and C (upper part) and features of the microdomaiks=o2 rank
of Im9 (in matrix form in the lower part of the tabld)represents the length of the linker joining microdomaiasdj (i, ] = A, B, C). Aniis the
number of residues composing the linker of lengtNote thatl = 3.5An, since each residue has the average length of 3r5d&notes the radius
of the individual microdomainsV is the volume of the microdomain at hand. SAS is the solvent accessible surface. The folding probﬂbilities
are estimated graphically from the entropy profile of Figure & the number of residues in the native helices. The scopes of the three foldons are
given specifying the numbers of the first and last residues of each of finenthe average probability per residue calculated as in eq 4. The lower
part of the table collects in matrix form the lost surfa€8AS, the relative lost surface (RLS), and the new folding probalﬁﬁt)ﬂ'he number of
native residues in each IS heliR, is computed as in eq 5. The probabilit@sare calculated according to eq 6. The entries refer to helix Y (Y
=2A, B, C, matrix row) after binding with helix X (X= A, B, C, matrix column). These values are then used to calculate the folding probability
prasineq?7.
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S04 |- - Predicted helical traits are marked by the nonzero plateaus of the step
& \ - functions superimposed on the entropy plot. Zero values indicate

(o L nonhelical segments. Helices 2, 3, 5, and 7, out of seven native helices,

i )& contain a foldon. Helix 7 fulfills the requirements for being considered
0 fts as an IS helix but is not considered in the overall dynamics (see text)

0.00 0.20 0.40 0.60 0.80 so that the three IS helices relevant to the FDC/FDC3 calculations

Time (ms) belong to the native helices 2, 3, and 5. Black bars mark the foldons

Figure 5. Behavior in time of the probabilities of the critical states of vgtplnl_the three IS c?ecllces A, r? ?Tld C. The foldons e}s?gmated "S‘)"th
protein Im9. Times are expressed in milliseconds. States with popula- 'S helices A, B, and C span the following segments: foldon A«1

tions less than 0.01 are not shown. State 1 is the denatured state angL): foldon B (51-54), and foldon C (8587). The modular structure
state 8 is the native state (Figure 1). The curves of panel (a) are of p16, made up of four ANK repeatsjs visible from the approximate

calculated by means of the FDC3 model. For comparison we report in SYmmetries of the entropy profile. The plot has an approximate
panel (b) also the curves calculated by means of the FDC model. As Periodicity of 65 residues, since that region is the junction of the two
in Figure 4, the intermediate states 2 and 4 play a fundamental role. In halves of the protein (connecting the second with the third repeat).
state 2 microdomains A and B coalesce to form the precursor of the = ) )

observable intermediate state 4 in which A interacts simultaneously Within the native helices 2, 3, and 5 as the fundamental
with B and C. State 4 of Im9 exhibits a detectable population both in determinants of the dynamics (a similar approximation was
the FDC and in the F_DC3 model but has a shorter_ lifetime in the FDC made in the analysis of the villin headpiece subdoﬁﬁ’}iin

than in the FDC3 diagram (note the different time ranges on the |nterestingly, the relevance of our foldons in the rate-limiting

abscissas of panels (a) and (b)). State 4 is seen as being scarcel ; ’ :
populated both in the FDC and in the FDC3 model. State 2 preserves).étep of the process is confirmed by the estimates opthalues

approximately the same features in Im7 and Im9. All the other possible I the transition state reported in ref 44. More specifically,
intermediate states play a negligible role. State 1 exhibits practically qb-value; close to 1 are assigned to A21 and V86 (our
the same features in the FDC and in the FDC3 calculations. numbering) that fall at the end of foldons A and C (Table 3).

The furtherg-value close to 1 assigned to A59 gives less precise
(used for example in ref 44). Helices 2, 3, 5, and 7 are eligible evidence since it falls a bit outside of foldon B. However, this
as IS helices. We surmise that helix 7 has a negligible role in discrepancy may well be due to the noise that affects the entropy
the folding dynamics due to the very small contact area with plot and in particular the determination of the ends of the
the other three foldons. Therefore, consistent with the mech- predicted helice®’ Finally, residues V117 and A118 do belong
anism of diffusion-collision, we use only the IS helices hosted to the last foldon predicted by the neural network in the last IS
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TABLE 3: Geometrical and Stability Parameters of p1&

A B c A B C
I (A) las = 80.5 lsc =87.5 s 0.020 0.045 0.024
An ANag = 23 AnBC =25 n 9 9 9
r (A) 7.21 7.14 7.22 foldons 1921 51-54 85-87
V (A3 1163 1130 1166 P 0.647 0.708 0.661
SAS (A 1142 1158 1171

A B C
ASAS (RLS) R B ASAS (RLS) R Bt ASAS (RLS) R B

A 206 (18%) 5 0.176 6 (0.5%) 1 0.031
B 247 (21%) 6 0.356 185 (16%) 5 0.252
C 6 (0.5%) 1 0.036 193 (16%) 5 0.191

a Shown are the geometrical and stability parameters of microdomains A, B, and C (upper part) and features of the microdomaiks=of rank
2 of protein p16 (in matrix form in the lower part of the tablejepresents the length of the linker joining microdomaiasdj (i, j = A, B, C).
An is the number of residues composing the linker of lerigtiiote thatl = 3.5An, since each residue has the average length of 3r5d&notes
the radius of the individual microdomaingis the volume of the microdomain at hand. SAS is the solvent accessible surface. The folding probabilities
ﬂil are estimated graphically from the entropy profile of Figure & the number of residues in the native helices. The scopes of the three foldons
are given specifying the numbers of the first and last residues of each of phisrthe average probability per residue calculated as in eq 4. The
lower part of the table collects in matrix form the lost surfa&8AS, the relative lost surface (RLS), and the new folding probatﬁl,tlyThe
number of native residues in each IS heRgjs computed as in eq 5. The probabilitfg]sare calculated according to eq 6. The entries refer to helix
Y (Y = A, B, C, matrix row) after binding with helix X (X= A, B, C, matrix column). These values are then used to calculate the folding
probability 2 as in eq 7.

TABLE 4: Geometrical and Stability Parameters of the A-Repressof

A B C A B C
I (A) lag = 91.0 lsc = 28.0 iz 0.099 0.085 0.048
An Anag = 26 Angc = 8 n 18 12 12
r (A) 9.26 7.75 7.93 foldons 1322 63-66 82-83
V (A3 2467 1445 1578 P 0.879 0.814 0.776
SAS (A 2307 1378 1475

A B C
ASAS (RLS) R B ASAS (RLS) R B! ASAS (RLS) R B

A 151 (7%) 4 0.164 67 (3%) 10 0.405
B 157 (11%) 5 0.237 115 (8%) 12 1.000
C 76 (5%) 12 1.000 99 (7%) 12 1.000

aShown are the geometrical and stability parameters of microdomains A, B, and Clefgpressor (upper part) and features of the microdomains
of rankk = 2 of the same protein (in matrix form in the lower part of the tablegpresents the length of the linker joining microdomaiasd
j (i,j = A, B, C). Anis the number of residues composing the linker of lerigtdote thatl = 3.5An, since each residue has the average length
of 3.5 A. Anas = 26 results from shortening the linker in order to account for the boundary between helix 3 and 4 that is mispredicted by the neural
network. Actually, the neural network predicts a unique helical segment spanning crystallographic helices 3 and 4 (see Figure 8). However, as
visible in Figure 8, residues 461 belong to amt-helix whose entropy minimum is very close to the threshold for being classified as an IS helix.
In this case, to counterbalance the effect of noise affecting the entropy signal (see Discussion), we use the crystallographic boundarigs for helice
3 and 4 (shown in Figure 8) and have renormalized the actual loop lénggh= 32 to 26 to account for the loop shortening due to the possible
formation of helix 3. This correction is much in the same spirit of the determination of the effective protein length suggested in ref 50. It optimizes
the predition of the folding rate of therepressor (see Discussiom)denotes the radius of the individual microdomaivss the volume of the
microdomain at hand. SAS is the solvent accessible surface. The folding probapilittes estimated graphically from the entropy profile of
Figure 8.n is the number of residues in the native helices. The scopes of the three foldons are given specifying the numbers of the first and last
residues of each of therp.is the average probability per residue calculated as in eq 4. The lower part of the table collects in matrix form the lost
surfaceASAS, the relative lost surface (RLS), and the new folding probatﬁ[jtyl'he number of native residues in each IS hexjs computed
asineq5. The probabilitieﬁ1 are calculated according to eq 6. The entries refer to helix Y=(%, B, C, matrix row) after binding with helix
X (X = A, B, C, matrix column). These values are then used to calculate the folding probﬁﬁihﬁyin eq7.

helix (residues 114120). Using the same notation of the order of magnitude of the folding time and accounts also for
previous cases, we label the relevant foldons and the corre-other details of the process that are missed otherwise by the
sponding IS helices as A, B, and C. The foldons include the FDC model. The striking feature of Figure 7 is the drastic
following stretches of the protein sequence: foldon A<{19 change of the population and decay rate of state 6 as we switch
21), foldon B (51-54), and foldon C (8587) (see Figure 6).  from the FDC to the FDC3 scenario. Panel (a) of Figure 7 shows
The geometrical parameters needed to evaluate the folding timethat state 6 is well populated right after the decay of states 1, 2,
(eq 1) are displayed in Table 3. For the characteristic tigie and 5. Moreover its population is depleted at a rate that is smaller
eq 3 we used the valug = 1 ns. than predicted by the FDC model (Figure 7b). States 2 and 5
The three-dimensional structure of Figure 2b shows that the play a minor role in the overall folding process. They are much
native helices are approximately parallel. This suggests the valueless persistent and populated than state 6 and essentially serve
Linresh= 30% (see Methods and Theory) to be used in eq 5. to channel population into state 6 (see Figure 1). State 6 is a
The experimental folding time of p16 is 30.3 f#sThe FDC3 good candidate for being involved in the intermediate of folding
time is 27.9 ms whereas the FDC time amounts to 2.67 ms (seel responsible for the three-state dynamics of pl6. Recent
Table 5). The FDC3 model is successful in reproducing the right experimental characterization of stal® suggests a rapid
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Figure 7. Behavior in time of the probabilities of the critical states of

protein p16. Times are expressed in milliseconds. States with popula- protein folding teoc(MS)  7rocs(MS)  Texp (MS)
tions less than 0.01 are not shown. State 1 is the denatured state andIm7 three-state 0.77 2.98 3.06
state 8 is the native state (Figure 1). In the intermediate states 2, 5, p16 three-state 2.67 27.90 30.30
and 6 only partial aggregation of the microdomains has occurred. In A-repressor  two-state 0.21 0.27 0.20
state 2 microdomains A and B coalesce to form the precursor of the [Im9 two-state 0.68 1.78 0.67

observable intermediate state 6. In state 6 microdomain B, besides
interacting with A, begins to interact also with C. Alternatively, state

6 is preceded by state 5 in which helix B first binds to helix C. (a) :
Probabilities of the relevant states computed through the FDC3 model. ﬁ}/?rl#g tiﬁﬂ%‘ﬁvfegpgsi?ﬁgv':%ﬁrfsfoemhsﬁzgg(ﬁgqﬂ IgfeiO;w’N ote

(b) For comparison we report also the curves calculated by means Ofthat the folding time of Im7 is 3.06 wit 4 M NaSQ.* The

th_e FIgC m_odel.f Thekn21c_)re realilstic ﬁescrip_tiqtr;l of ;fhetintert?]ctions Olfl experimental timesex, for Im7 and Im9 have been computed by using
microdomains ot rank < in pane (a) has a visible effect on the overal the kinetic data of refs 33 and eq 6 of ref 34. For fheepressor the
kinetics of the folding process. The decay of state 1 takes place on thedata have been drawn from ref 45

same time scale as the rise and decay of states 2 and 5 both in the

FDC and in the FDC3 model. The typical time is about 5 ms (note the . - . :
different units on the abscissas of panels (a) and (b)). The major changesthe change of the folding rate on point mutations of the wild

are visible in the curves of states 6 and 8. In particular, the population YP€ (M. Compiani et al., in preparation). Like Im9, the
of state 6 increases and the FDC3 estimate for the lifetime is A-fepressor is used here as a term of comparison to test the

approximately 10-fold longer than the FDC value. Correspondingly, performance of the FDC3 model in a case where it is not strictly
state 8 is populated at a rate that is 1 order of magnitude larger in the needed. Thé-repressor is a five-helix bundle whose N-terminal
FDC3 model than in the FDC scenario. Also the folding time increases fragment 1-95 is considered in the present investigation (Figure
bylprder of magnitude (see the text and Table 5). The FDC calculation 2c). From its entropy plot (Figure 8) it is apparent that only
predicts smaller populations for states 2, 5, and 6. . e ; .
three helical segments are eligible as IS helices (helices 1, 4,

formation of the intermediate that is not detectable, due to the and 5) which we label A, B, and C. Inspection of the tertiary
relatively long dead-time of the stopped-flow apparatus. Experi- structure shows that IS helices B and C as well as A and C are
ments also show that the rate-limiting step is the transition | approximately mutually perpendicular. As argued in the Methods
N, leading to the native state 8. All these features are consistentand Theory, in these two cases the appropriate threshold to be
with the fast rise of the population of state 6 and the concomitant used in eq 5 id-tesh= 5%. The threshold.iyesh= 30% was
fast decay of states 1, and 5 in the FDC3 plot of Figure 7a. assumed for the AB microdomain in which the coalescing IS

Comparing the plots computed according to the FDC or the helices are approximately parallel. The relevant parameters for
FDC3 model (Figure 7) it is apparent that states 2, 5, and 6 arecomputing the folding probabilities of the microdomains and
more visible in the FDC3 calculation. Among them, state 6 eventually to evaluate the folding time (eq 1) are reported in
undergoes the largest amplification in amplitude and its Table 4. For the characteristic timgin eq 3 we used the value
persistence is increased by approximately 1 order of magnitude.z. = 0.1 nsY’
State 1 seems to undergo no significant changes in the FDC3 Useful insights into the details of the kinetics of folding are
method as compared to the FDC calculation. readily obtained from the FDC and FDC3 models. The relevant

D. The Folding of the A-Repressor.The A-repressor protein  diagrams for thel-repressor are plotted in Figure 9.
(PDB code, 1LMB4) is a two-state folder whose folding kinetics ~ The experimental folding time is 0.20 Asvhereas the FDC3
has been successfully modeled within the standard DC r#fodel time is 0.27 ms. The FDC time amounts to 0.21 ms (see Table 5).
and the FDC modéf This protein provides also a cogent From the FDC calculation only state 5 emerges with a
benchmark for the effectivity of the FDC model in predicting moderate population. The FDC3 scheme shows two alternative

a As far as the computed times are concerneg; values have been
calculated according to the FDC modélyhereas therpcs values are
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a estimates for3? depend on the three-dimensional packing
08 1 through the solvent accessible surface area (RLS in eq 5) lost
> ’ 8 upon aggregation and subsequent formation of a microdomain
206 of higher order. This indicates that in the FDC3 model local
3 and global events get more intertwined than in the FDC or DC
£04 PN models. As a matter of fact the DC assumptigin= 1 means
02 G S — that all the native helices are stabilized once they get bound to

any aggregate of ordér > 2. This amounts to saying that a

0k minimal development of the tertiary structure is sufficient to
000 008 0-1T2 018 024 030 ensure the proper folding of the native helices involved in the
b , ime {mo) current collision.

Instead, within the FDC model, the IS helices and the non-
08 IS helices have different fates. Actually, formation of the non-
IS helices does not take place in the early stages of the folding
process but requires necessarily that a more developed ap-
proximation of the native scaffold is formed, with the dominant
contribution of the IS helices. In the FDC3 model this feature
is somewhat more evident since also the aggregates of the IS
helices of ordekk = 2 are possibly assigned marginal native
0 character sincﬁi2 < 1 (egs 6 and 7). This implies that the IS
0.00 0.06 0.12 0.18 0.24 . . .
helices themselves need more assistance from the tertiary

Time (ms) . .
Figure 9. Behavior in time of the probabilities of the critical states of structure being formed to enter the native folded state.

the two-statel-repressor protein. Times are expressed in milliseconds. _This aspect stresses the coexistence of cooperative and
States with population less than 0.01 are not shown. State 1 (denaturechierarchical features in the DC, FDC, and FDC3 models that
state) and state 8 (native state) are the only states that are populatedseem capable of accounting for different degrees of cooperativity
(a) Probabilities of the relevant states computed through the FDC model. and modularity of the folding mechanism. If we accept the
(b) Probabilities of the relevant states computed through the FDC3 ;041835 that the fully hierarchical and the fully cooperative

model. The more detailed description of the interactions of the . . - .
microdomains of rank 2 in panel (b) has a moderate effect on the overall mechanisms are limiting scenarios of a continuous range of

kinetics of the folding process (see Table 5). Intermediate state 5 is different mechanisms, we can argue that these limiting cases
assigned comparable populations and decay both in the FDC and incan be approached by the FDC model by tuning properly its
the FDC3 calculations. variables. In accord with the remarks of the previous paragraph,
we can conclude that by turning from the FDC to the DC
paths +2—6—8 and +-5—6—8 (Figure 1). The firstone is by  calculation (by performing the limj* — 1 and dropping any
far dominant since state 5 has a much larger population thandiscrimination between IS and non-IS helices) the FDC model
state 2. State 6, where the two paths merge, is also scarcelypbecomes more hierarchical, as formation of the native secondary
populated in the FDC3 scheme and is not at all visible in the structure is more independent of the stabilization of the native
FDC calculation (i.e. below the 0.01 threshold). tertiary structure. On the contrary, by introducing the FDC3
estimates[ii2 < 1), the FDC folding mechanism becomes more
cooperative since stabilization of local and global structures
A general overview of the results obtained with the FDC and tends to become more dependent from each other. This item is
the FDC3 models for the folding times of the two-state and discussed in more quantitative terms in by M. Compiani

three-state folders examined in this paper is given in Table 5. (submitted for publication). In light of these considerations the
The fundamental outcome is that the FDC3 model succeeds insyccessful application of the FDC3 model to Im7 and p16
reproducing the experimental folding rates of Im7 and p16 that implies that hierarchical features inherent in the FDC3 model
are instead poorly accounted for by the FDC scheme. However, gre also found in folding mechanisms having higher complexity
the successful test of the FDC3 model has additional implica- than the bare two-state mechanisms described by the FDC model
tions that can be better understood by considering the physicalin ref 17. This is in agreement with the conclusions of ref 23
meaning of the FDC3 procedure (outlined in the Methods and that discusses the possibility of extending the modular view of
Theory section). folding to three-states folders.

The physically grounded prescription for the evaluation of  Two-state folders have been included in our analysis to
the B coefficients withk = 2 (see Methods and Theory) is the  provide a more complete test of the FDC and FDC3 models on
major novelty introduced through the FDC3 calculation, since folding processes of different complexity. Expectedly, the
so far these variables were set to sensible but otherwise arbitranfolding times for the proteins examined in this paper obey the
values within the framework of the DC or FDC modéf5-28:20 relationzepe < Trpcs This is clearly ascribed to the overestima-
The proteins examined in this paper do possess three foldonstion of the folding probabilitiegf)’jz = 1 that is proper to the
so that it suffices here to apply the new calculation toﬂﬁe FDC model. From Table 5 it is apparent that the improved
(folding probability of theith microdomain of order 2) to  calculation of the folding probabilities for complex micro-
supplant the FDC and DC prescripti(ﬂ;’r = 1. The FDC3 domains of rankk = 2 is crucial for the three-state proteins,
estimates;f)’i2 < 1 are computed according to eqs 6 and 7. but is by far less critical for the two-state proteibissepressor

The FDC3 scheme introduces an additional coupling betweenand Im9. For the latter proteins, the FDC3 values are expected
formation of partial and local structures and more global to converge to the FDC folding rates. The data in Table 5
structures, besides the similar coupling which is already conform satisfactorily to this prediction.
introduced by the orientational coefficients in the FDC and The study of the homologous proteins Im7 and Im9 is also
DC methods (Methods and Theory). Indeed, also the FDC3 quite illuminating. The degeneracy of the folding code is well

Probability
o o
IS o

o
[N

IV. Discussion
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exemplified in the case of Im7 and Im9 in which different paths that populate respectively state 2 or 5. The transient
sequences give rise to similar structures. In addition, albeit populations of the latter states eventually merge to give rise to
sequence homology of Im7 and Im9 is moderate, the two the long-lived state 6 where IS helix B is simultaneously
proteins have quite similar entropy plots (Figure 3), although interacting with IS helices A and C (Figures 1 and 7). These
Im7 has a three-state mechanism and Im9 has a two-state foldindeatures of state 6 are consistent with the picture of the transition
process. For this reason Im7 and Im9 are quite a critical state emerging from recegtvalue analysis of protein p18.
benchmark for the FDC and FDC3 models. The fact that the The existence of two alternative pathways of p16 eventually
folding rates of both proteins are well reproduced confirms the merging in state 6 agrees with the initial parallelism followed
pivotal role played by the foldons, such that appropriate by different sequential steps that is expected to characterize
modulation of the entropy profile in the foldon regions can make funnel-like landscape®.The long-lived state 4 of Im7 and state
the folding mechanism switch from two-state to three-state 6 of protein pl6 meet the requisites for being considered
mode. gateway staté3 of the folding dynamics. Such gateway states
In general, the effectivity of the FDC and FDC3 models in are near native well populated, obligatory and rate-limiting
predicting the folding times of proteins (see Table 5 and the conformations that are reached in the fast initial steps of folding.
additional data in ref 17) confirms that the foldons are the key They correspond to the bottlenecks of the microroutes on the
elements of folding. Such a possibility of focusing on a limited funnel-shaped energy surfateThese requisites are also met
number of IS helices as determinants of the folding dynamics by states 2 and 5 respectively in the two-state folders Im9 and
supports the contention that the FDC scenario is a promising A-repressor (Figures 1, 5, and 9).
tool for building minimal models of protein folding that are The populations obtained within the FDC and the FDC3
nonetheless sensitive to sequence features. In this respect thenodels for Im7 and p16 exhibit interesting differences. State 4
neural network is responsible for the sequence specific charactef Im7 is approximately equally populated, both in the FDC
of both models that makes them effective in capturing the and in the FDC3 scheme (Figure 4), but appears to be more
properties of relatively short stretches of the residue sequence persistent in the FDC3 plot. Also state 2 is present in both
A case in point is the discrimination of IS and non-IS helices models but the FDC3 calculation predicts a larger peak
within an individual protein. The peculiar sensitivity of the FDC/ population and a slower decay (Figure 4). The results obtained
FDC3 models to as small details of sequence as single pointfor state 4 of Im9 are approximately invariant with respect to
mutations will be examined by M. Compiani (in preparation). the computational scheme adopted (Figure 5), save for a slightly
In the framework of the FDC and FDC3 models the IS helices larger peak population and a slower decay in the FDC3 model.
act as building blocks that resemble the elementary units usedFor p16 the intermediate states 2, 5, and 6 are more visible in
in other approaches to carry out a dissection of folding on a the FDC3 diagram than in the FDC plot (Figure 7). State 6
thermodynamic or structural bag3146n ref 17 we have undergoes a much larger increase in population and decays at
shown how to derive the thermodynamic properties of the IS a sensibly slower rate in the FDC3 scheme than in the FDC
helices from the sequence of the protein. Interestingly, our calculation. Finally, state 5 dominates the folding process of
estimates of the stability of the IS helices correlate well with the A-repressor (Figure 9) and exhibits similar behavior in the
the experimental helicities measured in the same isolated pep-FDC and FDC3 plots. The FDC3 calculation enhances moder-
tides” Focusing on the IS helices affords a gross-grained par- ately the populations of states 2 and 6 that were not visible in
tition of the phase space that is based on all the possible pairingghe FDC plot.
of the available units (see Figure 1). An interesting feature of It is significant that our calculations for Im7 and p16 show
the FDC and FDC3 models is that through the neural network that some intermediate states are much less visible and the
one takes maximal advantage of the pieces of information codedfolding time is grossly different from the experimental value
in the residue sequence. This is progress toward theoreticalwhen we abandon the FDC3 scheme and apply the bare FDC
mehods that are capable of predicting folding rates from model. States 2 and 4 for Im7 in Figure 4 and state 6 for p16
sequence. As already stressed above, unlike recent methods that Figure 7 are two examples where the existence of long-lived
rely entirely on sequence informatiéh°the FDC model uses  intermediates is correctly reproduced only within the FDC3
also features derived from the tertiary structure (see Methodsscheme. This is a successful test of the ability of the FDC3
and Theory). However, the FDC method gives a deeper insight scheme to display the dominant intermediate state of folding
into the details of protein folding (e.g. the nature of possible that is proper to three-state folders. However, somewhat less
intermediates) that is useful to devise modified computational neat results are obtained for two-state foldemrepressor and
schemes such as the FDC3 method proposed in this paper. |m9 since the FDC calculation shows that intermediates (in the
In this connection the possibility to visualize and estimate sense of the partition of Figure 1) exist with nonnegligible
the lifetimes and populations of the intermediates as well as population, which seems inconsistent with two-state folding
the relative probability of different pathways is a notable feature mechanisms. This is essentially the case of state 2 for Im9
of the DC/FDC/FDC3 models (Figures 4, 5, 7, and 9). This is (Figure 5) and state 5 for thierepressor (Figure 9). Therefore,
valuable for medical applications since it has been recently although the kinetic data on the folding times are satisfactory
speculated that the lifetimes of the intermediates are crucial for (Table 5) the detailed description of the folding pathway needs
recognizing amyloidogenic proteif. a more thorough discussion. In particular the most critical issue
According to the FDC3 calculation the visible intermediates is to what extent the partition in states based on the aggregates
of Im7 are associated with states 2 and 4 (Figures 1 and 4).0f increasing order (Figure 1) reflects the presence of experi-
State 4 has a peak population of around 0.35. The folding mentally detectable intermediates.
process of Im9 follows a similar pathway where state 4 is now  Some considerations may help to deal with such a puzzling
hardly detectable with a population around 0.605050 both problem. Relevant to our discussion is the preliminary observa-
in the FDC and in the FDC3 scheme (Figures 1 and 5), in accordtion that the same protein can exhibit both two-state or three-
with the two-state nature of the folding mechanism. On the state folding in response to varying environmental conditféns.
contrary, the mechanism of p16 initially takes two alternative However, such a level of detail is not attainable by the FDC/
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FDC3 schemes that in the present version cannot discriminatel-repressor (see legend to Table 4 and Figure 8). In this case
between different environmental parameters. This is due to thethe neural network prediction incorporates helix 3 and helix 4
very schematic description of the interactions between protein into a unique helical region. To optimize prediction we adopted
and solvent via the diffusion coefficient and temperature (see a hybrid strategy in which we considered the crystallographic
Methods and Theory). Analogous limitations of the FDC/FDC3 boundaries of helix 4 to determine the geometric properties of
schemes, pertaining to the need of a more accurate representatiofs helix B, nevertheless taking into account that helix 3 had
of the intramolecular interactions. are discussed by M. Compiani been detected by the neural predictor. This is achieved by
et al. (in preparation). Therefore the theoretical predictions of renormalizing the loop length between IS helix A and B as
the FDC/FDC3 models are not expected to capture thesedetailed in the legend to Table 4.

subtleties of the folding mechanism. _

As far as the unexpected emergence of populated intermedi-- Conclusion
ates is concerned, it is to be noted that similar problems have In conclusion, the scope of the FDC model is enlarged as
been encountered on applying the DC scheme to two-statewe have demonstrated that the FDC3 variant can effectively
folders. The analysis carried out in ref 30 points out that the account for several features of the folding kinetics of three-
emergence of intermediates in DC models is quite sensitive to state proteins. The general meaning for a theory of protein
the values of thqgils_ This is the case of 1IEBD C-chain and folding is that the same model describes successfully the kinetics
1BDC where adjusting the estimates fﬁils enhances or of two-state and three-state fO|derS, where the Valldlty of
alternatively depresses the population of an intermediate state Previous criteria (e.g. contact ord®ris limited to two-state
though these proteins are reported to have two-state folding.Proteins!® On the other hand, other empirical methods for the
This indicates that possible inaccuracies in the determination determination of the folding rate with broader validftyare
of the gls may be conducive to spurious increase of the Pased on features that are somehow incorporated in the FDC/
probability of occurrence of some intermediate states. Within FDC3 model. On the whole, such methods rely on generic
the framework of the FDC/FDC3 models such an uncertainty Parameters such as the contact order, protein length, and content
is mainly due to the noise affecting the entropy sighésee in secondary structure. Clearly, a direct comparison is not
also final remarks in the present Discussion section). possible since the FDC/FDC3 models do not depend explicitly

Concerning the relationship between the intermediates envis-otn tcomafihor?:% (?/rp([:)hgglgn Ier(ljgtlh. dHowetver, tlt '3. o'|[ut|rt]e safe o
aged by the partition of Figure 1 and the intermediate states Sta.c thatthe models do not contradict the essence

that are experimentally detected, our view is that it appears moreOf thes?_ me_thods. In fact pf”t);e'rf‘ Iﬁjngth |sr:elated to tl:e rtnax(;ma_l
reliable to associate the experimental intermediates with the Séparalion In sequence ot the Toldons whereas contact order 1S

theoretical aggregates of higher raknk 2. The 2-fold reason conceptually .akin o the mean separatioq in sequence of the
for these clusters to be more easily observable is that they do{gldongaprov_ld?ﬁl V\f/elc(j:on3|dertrt]hekmterhetllcatll cor?te;]c:js f‘mo'.‘g
have a larger number of stabilizing interactions and also that 1€ reSIdues in the foldons as the key contacts which determine

interhelical contacts formed early during folding are expected '.[he folding process. Data on the participation of these residues

to be more unstable than those formed later (as suggested b the transition state PrOVide pre_lim_inary evidence that this may
hydrogen exchange experimetjs Accordingly, states laying e true (M' Comp'ar?" E Capriotti, and M. Vendruscolo, in
close to the unfolded state (see the graph of Figure 1) are Iessoreparatlon). These findings and the fact that foldons belong to

significant than those that are closer to the final state 8. This is nativelike secondary struct_ures are also cons!gtent with the
the case of state 2 as compared with state 4 for Im7 and Im9 extended nucleus theotywhich depicts the transition state as
as well as states 2 and 5 in comparison with state 6 for ple’adistorted version of the native state. The successful application

Consistent with this interpretation is the finding that state 4 is of the FDC3 model hints at the remarkable flexibility exhibited

hardly visible in the FDC3 and FDC plots of Im9, which is 33% the FdDC Sce”?rio i”I d?sc”béng folding processes Wir‘]h
known to have a two-state folding mechanism, whereas state 2 literent degrees of complexity and cooperativity. As far as the

is well populated independently of the model used (see Figure general theory of protein folding is concerned, this gives credit
5). In a similar fashion, the FDC3 and FDC plots of the to the view that the diffusional dynamics of foldons might be

A-repressor exhibit a negligible population for state 6 and more a p;omsmg basis for a unified theory of the folding of helical

substantial probability for state 5, which represents the initial PrOt€INS:
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