JIAICIS

A RTI

CLES

Published on Web 06/17/2004

Quantifying the Roughness on the Free Energy Landscape:
Entropic Bottlenecks and Protein Folding Rates

Leslie L. Chavez,™ José N. Onuchic,™ and Cecilia Clementi*#

Contribution from the Center for Theoretical Biological Physics and Department of Physics,
University of California at San Diego, La Jolla, California 92093, Department of Chemistry and
W. M. Keck Center for Computational and Structural Biology, Ricevdrsity, 6100 Main
Street, Houston, Texas 77005, and Structural and Computational Biology and Molecular
Biophysics, Baylor College of Medicine, One Baylor Plaza, Houston, Texas 77030

Received January 27, 2004; E-mail: cecilia@rice.edu

Abstract: The prediction of protein folding rates and mechanisms is currently of great interest in the protein
folding community. A close comparison between theory and experiment in this area is promising to advance
our understanding of the physical—chemical principles governing the folding process. The delicate interplay
of entropic and energetic/enthalpic factors in the protein free energy regulates the details of this complex
reaction. In this article, we propose the use of topological descriptors to quantify the amount of heterogeneity
in the configurational entropy contribution to the free energy. We apply the procedure to a set of 16 two-
state folding proteins. The results offer a clean and simple theoretical explanation for the experimentally
measured folding rates and mechanisms, in terms of the intrinsic entropic roughness along the populated

folding routes on the protein free energy landscape.

|. Introduction

Experimental evidence and its comparison with theoretical

models have shown proteins to be robust folders, capable of

Topological frustration(though nonstandard terminology) ef-

fectively evokes the ruggedness of the folding landscape that
arises as chain connectivity interplays with the energy bias to
reach the native state. More rigorously, this ruggedness results

folding in many environments and despite many mutations 10 o the heterogeneous loss of conformation entropy associated

the amino acid sequenég? Results on small (single domain)

with the formation of partially folded structures throughout the

proteins suggest that evolution has selected amino acid Se+.eq gnergy landscape. For proteins where the heterogeneity of
quences with low enough energetic frustration in the free energy i« -onformation entropy is much larger than the energetic

landscape that sensitivity to a particular mutation appears to beheterogeneity

an exception, not the ruke’ This has two main observable
effects: these proteins fold quickhon the scale of microsec-
onds to seconds in typical laboratory conditiered the
structural details of the folding mechanism are predominantly
due to what is usually referred to gological frustrationt=17
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the main folding route(s) in the free energy
landscape are strongly constrained and shaped by the protein
topology?81°® This implies that for proteins with a large
topological frustrationthe main features of the folding routes
can be traced back from the geometrical information contained
in the native state. This backtracking functionality of the native
state has spawned the birth and growth of a number of
theoretical models designed to recover the folding mechanism
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to sample the relevant structures populated in the transition- different proteins provides a clean explanation for the different
state ensemble and/or intermediate state during the foldingfolding scenarios experimentally detected: bottlenecks in the
process. configuration entropy are identified along the folding routes of

Although a general understanding of protein folding is slow folding proteins, whereas the smooth entropy landscapes
emerging from studies of relatively small proteins, the existence associated with the fastest folders leave more room for energetic
of a large variety of folding scenarios is becoming increasingly perturbations (sequence dependence) to shape the minimal free
clear: the measured folding ratdg {n units of s'1) for proteins energy pathways to the native state.
of about 100 residues have been found to span almost 6 orders This study offers a solid starting point toward a quantitative
of magnitude (from microseconds for simple helical prot&i#s understanding of the delicate entropy/energy balance shaping
to seconds for more complex topologie®); the large variation the folding free energy landscape and offers an essential step
in the degree of “structural polarization” detected at the folding for connecting theory and experiment in protein folding. An
transition state for different proteins reflects a large variation extension of the analysis to longer proteins, exhibiting a more
in the regions of the free energy landscape populated duringcomplex kinetics, is already in progress.
folding. The transition-state structures emerging from experi-
ments range from the formation of a very localized folding
nucleus (suggesting a more “pathway-like” folding proc&ss)
to the population of a large ensemble of different partially folded ~ The analysis is performed on a database of completely un-
structures (suggesting a more “funnel-like” folding landscape). frustrated protein models. Proteins in the database are selected
Moreover, as the latest theoretical and experimental findings to span more than 6 orders of magnitude in their experimentally
are generally confirming that proteins with a similar native fold measured folding rates and to have different overall folding
share a similar folding mechanistithey are also bringing to  topology and secondary structure composition. Sixteen two-state,
light remarkable exceptior?®®33 These evidences call for a  single domain proteins (ranging from 36 to 115 residues in
more quantitative understanding of the specific factors shaping length) are considered. Table 1 summarizes the structural infor-
the protein landscape. mation and folding rates of the selected proteins.

The importance of entropic factors on the free energy land- ~ The database is built by associating axCepresentation to
scape of a large number of small proteins suggests that a deepegach protein and dressing it with a®ke potential. Simulation
understanding of protein conformation entropy may prove procedures and more technical details are provided in the
fundamental toward a more quantitative understanding of the Supporting Information (section A). The selection of & I&e
folding mechanism&! In this article, we take a first step toward ~potential is motivated by our goal of separating the different
a quantitative characterization of the roughness on the folding sources of “frustration” in the free energy that arise from either
free energy landscape due to the heterogeneity in the conformathe conformation entropy or interaction energy terms. By a priori
tion entropy. removing any energetic heterogeneities from the protein Hamil-

To practically perform this analysis, we built a database of tonian, we can concentrate on the effect of conformational

energetically unfrustrated single domain proteins. This databaseentropic heterogeneity on the folding landscape. Elsewhere we
represents the extrapolation of the minimal (energetic) frustration have considered the effect of increasing energetic frustration
principle to the limit of completely unfrustrated protein-like ©n folding, for a fixed protein structufé,and observed that
chains. The study of the folding landscape on this computer- the induced rate enhancement/reduction is limited to less than
generated, energetically unfrustrated protein world allows us 1 order of magnitude even up to a reasonably large amount of
to concentrate on the features determined solely by the backbondrustration. Energetic heterogeneity thus cannot be used to
topology (i.e., configuration entropy). Toward this goal, we explain the much larger variation of folding rates experimentally
define and use several theoretical probes to assess the degre@dserved for single-domain, two-state folding protéifi¥.

of structural heterogeneity at different stages of the folding  For each of the selected proteins, kinetics and thermodynamic
process for all the proteins in our database and examine thequantities are extracted from simulations. The amount of
results synoptically with the available experimental data. The “frustration” (roughness) on the most relevant regions of the

amount of entropic roughness emerging from this analysis on free energy landscape is then quantified by properly defined
indicators (see Section 111.B).

Il. A Representative Database for an Unfrustrated
Protein World
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Table 1. Summary of Most Relevant Structural and Folding Features for All Two-State Folding Proteins Used in Our Study

protein (or protein domain) L structural information ki (s71) ref
HP36 headpiece subdomain of chicken villin 36 all helical; smallest naturally occurring, ~10° 63
independently folding protein domain
As—85 monomeric version of N-terminal domain of 80 five-helix bundle 160-10° 64
A-repressor protein
Psbd peripheral subunit-binding domain of pyruvate 43 very small three-helix bundle ~10* 65
dehydrogenase multi-enzyme complex
N—L9 N-terminal domain of ribosomal protein L9 56 three-stranded antipayatibleet sandwiched ~10° 60
between two helices
CspB cold-shock protein frofBacillus subtilis 67 smallg-barrel 16—-10° 66—68
PtG 1gG-binding domain of protein G 56 four-strangiedheet spanned by arhelix 10°-10° 33,69
(similar to PtL)
CI2 chymotrypsin inhibitor 2 64 six-strand@dsheet packed against arhelix ~10? 70-72
PtL 1gG-binding domain of protein L 61 four-strandg@esheet spanned by arhelix ~10? 59
(similar to PtG)
Im9 colicin-binding bacterial immunity protein 9 86 four-helix bundle ~10% 73
SH3 sarcoma homology 3 domain 57 two antipargilsheets orthogonally packed 1007 61, 74,75
TI—127 immunoglobulin-like domain from human muscle 89 two antiparallep-sheets packed against each 1-10 62,76
titin protein other (Greek key topology)
HPr histidine containing photocarrier protein 85 theebelices packed against a four-stranded 1—10 77
antiparallels-sheet
MerP mercury binding protein 72 antiparallel four-strangesheet, with two ~1 49
helices packed on one side
TWig immunoglobulin-like domain fronCaenorhabditis 93 two antiparallep-sheets packed against each ~1 62
elegangwitchin protein other (Greek key topology)
AcP human enzyme muscle acylphosphatase 98 two antipaxélfielices packed against a ~1072 25,78
five-strandegs-sheet
P13 oncogene product of MTCP1 gene, 115 filled -barrel 102-101 26,79

involved in T-cell leukemia

Clearly, folding rates depend on external parameters such ashave been found for which folding kinetics seem to escape the
temperature and denaturant concentration. It is paramount topredictive power of existing topological parameters (see, for
have a robust criterion in the measurements of rates in bothexample, refs 26, 44, and 45). We propose here a deeper analysis
simulation and experiments to have a meaningful and quantita-of the determinants of folding kinetics by monitoring the
tive comparison. We have addressed this issue in depth (theevolution of appropriate structural probes along the folding
details are described in the Supporting Information section landscape.
C.1): there is absolutely no arbitrariness nor any adjustable B.1. Topological Parameters along the Folding Landscape.
parameters in the selection of data used here. To fully explore the connection between the folding process

An important point emerging from the rate analysis is on the and topology, it is necessary to look beyond the information
definition of coherent units for the measured physical quantities contained in the native state and examine the progression of
in the comparison between theoretical and experimental data,topological descriptors from the unfolded to the folded ensemble.
as detailed in the Supporting Information section C. We use the reaction coordind@g(see Supporting Information

B. Definition of Structural Probes. Several empirical section B) to chart the protein’s progress through configuration
parameters have been proposed to summarize key characteristicspace, starting from those states accessible to a floppy-chain
of a protein topology and as such are able to correctly order molecule to those that define its native form. The ensemble of

protein folding rates of single domain proteit{g.’-20.21,36,4642 states defined by each value @fis dissected by means of
The most famous of these parameters is tbatact ordey several functions, properly defined to capture the progression
originally introduced by Plaxco et &1:3¢ All proposed topologi- of entropic/structural information as the folding proceeds.

cal parameters similarly condense the information of a protein ~ The first function we consider is th®ute measureR(Q),
native state into a single number, which is undoubtedly very that mirrors the route entropy (similar in concept to mixing
convenient for comparing theoretical results with folding rates entropy; see, for example, ref 46). We then introduce two partner
and supposedly related experimental quantities (sufrvasues functions that we cakffective loop lengthLe#(Q), andpartial

or mvalues. See, for example, ref 40). The realization that the contact order pCOQ). The effectiveness of these functions in
kinetics of such a complex reaction as protein folding could be capturing the intrinsic roughness of a folding landscape is
essentially summarized by simple a priori considerations of the illustrated in the following sections by detailing their behavior
native state geometry profoundly affected the field and jump- on four proteins from our model set: AcP, SH3, PtG, and Psbd.
started a new generation of theoretical modelslowever, a These proteins are selected because they span the whole range
single parameter cannot fully explain similarities and differences of folding rates and are well documented in both theory and
in different proteins’ folding mechanisms. Recently, proteins experiment. The corresponding results for the remaining proteins
are fully consistent with what is detailed here.
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V. Proteins: Struct., Funct., Gene2003 51, 162-166. (46) Plotkin, S. S.; Onuchic, J. Wroc. Natl. Acad. Sci. U.S.R00Q 97, 6509
(43) Baker, D.Nature200Q 405, 39—42. 6514.

8428 J. AM. CHEM. SOC. = VOL. 126, NO. 27, 2004



Quantifying Roughness on the Free Energy Landscape ARTICLES

108 e T TS of conformational space accessible at different stages of the
105 y 51},5; folding process could be obtained by monitoring the total
- L;‘ ! _'_;_‘ B configurational entropy as a function of the reaction coordinate.
10 k b or” Psod g However, the definition of an entropy function on the folding
E 109 - S landscape would require multiple approximations (see, for
v E e E example, refs 19 and 4618). For this reason, we monitor here
E 102 3 ’|"*-’5Ff’t§' - E the evolution of the route measure along the folding reaction:
S 1o b %{*‘ e N The route measure is cleanly defined, yet directly related to the
4 i @ ] route entropy, an important component of the total configura-
g LE T MerF™ = E tional entropy of the protein cha#9:46
e o1k - The route measure function is defined by the following
= T E equation:
:f: 1072k PR A g
3 109k N M Q- QT
RS - RQ=Y———— (1)
10 a2 - Correlation , 0.92 (2—state) E = MQ(1-Q)
U T “-,“fofﬁllcnlim, ,{?[8,? (alnl}l — whereQ;, i = 1, ..., M are the native contacts. In any given
10 102 0.1 1 10t 102 103 configurationsQ; = 1 if contacti is formed,Q; = 0 if it is
| y e open. The ensemble averagéld are evaluated over all
og(k,} from simulations ; - M .
0 —— structures with the same fractid@ = 1/M3;Z,Q of native
g 4 contacts formed. For each contadhe frequency of occurrence
10° E e Pig is determined across the ensemble of configurations at a
g T _Fg value Q, yielding the probability of contact formation &
o OF Y R [Qi < 1. The distribution of these probabilities is normalized
E 103 _ o t'r _ by th(_a maximum number of rogtes possib_le._ To clarify the
E § 2 —%‘ ' § meaning of route measure, consider a protein in the process of
E 107 & _ TangR E folding, at a stage such that a fractigh of total M native
3,% o L i e | contacts are made. There are two extreme values in the route
E L7 E measure:
E 1B wer® | — R(Q) = 1. At this value, there is only one populated
B - ) ] structure: the ensembf@ contains only one configuration. That
7 OLE s means that in any folding event, the sa@ native con-
W 102 L & . tacts are always formed®i(Q)J= 1, while the remaining
= g Aol ] (1 — QM are never made, and)(Q)[1= 0. In this case a
1073 L - E particular folding pathway emerges, while the rest of the
F : Correlation . 0.93 (2—state) E . - . )
104 Hig; coefficient = 0.87 (all) N landscape is totally inaccessible. In other words, the local folding
20 AT IO ST Ve AT A YTITE MW ETTIT ST ey MR free energy landscape is extremely rough, with a very narrow
10-410-310-20.1 1 10! 102 10® 10* 10% 108 accessible path surrounded by much higher peaks.
log(k,) from simulations R(Q) = 0. Every native contact is formed with the same

probability as all the other native contaci®(Q)= Q for all
Figure 1. Folding rates from sjmulations correlate remarkably ‘weII With contacts). The folding does not proceed through a well-defined
experimentally determined folding rates. The “raw” rates from simulations .
are shown in (a), while the rates corrected to have the same physical unitspathway' rath.er’ the local fr?e e“ergy landscape is completely
(see text for details) are shown in (b). In both (a) and (b), yellow dots flat: any configuration consistent with the selectedalue is
represent rates experimentally measured at the protein melting gejint ( equally accessible.

in absence of denaturant; green dots represent proteins for which enough ; A ~
experimental data are available to extrapolate the rafe o pure water Both in the unfolded@ ~ 0) and folded Q ~ 1) stateR(Q)

by using a Bransted plot, as described in the Supporting Information section = 0 DY de‘_ﬁnitio_n- Beca_use of the Iarge_ number Of_ partially
C. Proteins marked with red have insufficient data to permit a similar folded configurations, at intermediate folding stag¥®) is not

extrapolation; experimental rates for these proteins are selected among Th%xpected to take one of the extreme values. Nevertheless, the

available data as measured in the condition closest to zero stability in pure . ~ ~
water. Blue dots correspond to folding rates of three three-state folding evolution ofR(Q) from (Q ~ 0) to (Q ~ 1) reflects the local

proteins (Interleukin-A IL1b, fibroblast growth factor FGF, and hisactiphilin  landscape geography. Where the route measure is lower (more
Hce) from a different study (C. Clementi, unpublished results), reported routes), the contact formation is largely unordered: all the

here to show for comparison. available configuration space is represented by the partial
B.2. Route Measure.The route measure outlines the free Cconfigurations making the free energy landscape. Where the

energy landscape by showing the breadth of configuration spacef®Ute measure is higher (fewer routes), the order of contact

sampled by the protein as it folds, at different valueQdf.e., formation does matter; iR(Q) increases in proceeding from

at different stages of the folding reaction). This idea is quantified '0Wer to higherQ values, that means that some configurations

by measuring the fraction of configurations that are actually that are accessible at a certain stage of folding are very unlikely

accessible among all the possible ones with the same degree of® @dvance toward more structured states. On the contrary, a

nativeness, from the unfolded to_the folded extremes on t_he (47) Plotkin, S. S.; Onuchic, J. M. Re. Biophys.2002 35, 111—167.

free energy landscape. A more direct measure of the fraction (48) Plotkin, S. S.; Onuchic, J. N). Re. Biophys.2002 35, 205-286.

J. AM. CHEM. SOC. = VOL. 126, NO. 27, 2004 8429



ARTICLES Chavez et al.

04 AcP ' ,'/HW,\,\' E PtG is a relatively fast folding protein and has residual
8 . ] structure in the denatured st&f&! Our results corroborate this
0.3 E // \«.1, E idea, showing an unfolded free energy minimunQed- 0.25;
0.2 B~ ~— almost a quarter of PtG’s structure remains structured in the
- F | E | denatured state (data not shown). Figure 2 showsR{@} is
< 0.4 = SH3 = highest at loweR (0.2 < Q < 0.4), meaning specific contacts
A 0.3 E have a high frequency of occurrence. PtG is more routed early
e o5 E / ’“\___%_: in the folding process, and this limits the search through con-
5 “E - ] figuration space for the remaining unstructured portion. The
i At structured portion of PtG found at this low&) region is
g v = PtG E correctly formed and guides the protein into the native fold.
o 0.3 —— = The rest of the folding process is not routed, approaching zero
- 02 f \ ] as the protein reaches the native state.
3 E , L — ] Pshdis a very fast folding protein and shows almost constant
~ 0.4 E Psbd s ' E route measure throughout folding (see Figure 2). The folding
0 E E process is moderately routed from the early stages, with a very
T E T T~ ] slow decreasing of the route measure from unfolded to folded
0.2 F D states.
E ' - 1 ] The route measure curves of these four proteins reveal the
0.2 0.4 08 0.8

width of the accessible energy landscape. Changes in the width
Q of the landscape may either help or hinder the folding rate. If
Figure 2. Route measurB(Q) calculated for four of our simulated proteins the Iandscgpe narrows at Fhe early stages of the folding proces_s,
(from top to bottom: AcP, SH3, PtG, and Pshd). The greater the route due to residual stru_cture in the denatured state enselmble, this
measure, the fewer pathways are available for the protein to progress fromcan steer the protein through the landscape more quickly. If a
the unfolded to the folded state. Being more routed may either help or hurt hottleneck suddenly arises on a later stage of the landscape
the folding rate; PtG and Psbd are more routed early on, limiting the search e '
through configuration space later, whereas AcP and SH3 encounter a routingSpeCIflc contacts need to C_ome together before the proc_ess C_a”
barrier in the transition regionQ = 0.5), showing fewer correct paths Progress, and the process is slowed. It has been shown in lattice
leading to the native state. simulations and analytical thedfythat routing a protein by
. ) . making already favored contacts more likely to occur increases
decreasind(Q) can be interpreted as an increase on the local 4,4 folding speed. Recently, this has been proposed as the

smoothness of the landscape. The behavioR@) on the  nsgiple mechanism speeding the folding of circular permutants
selected representative proteins demonstrates the usefulness ang ggs2 Routing this protein by making a circular permutant

meaning of this function. The results are shown in Figure 2\ ore contacting residues that were energetically favored but
and commented in the following, from the slowest to the fastest ¢, apart in native sequence are now both energetically and
protein. . . ) ) entropically favored (the incision and reconnection places these
ACP has mild routing early in the f°'d'”9 Process so the esidues close together) increases the folding rate. It has also
protein may sample a large volume of configuration space. A heen shown that folding rates for a large set of two-state pro-
large bottleneck region slows the folding of this protein around teins correlate very well with the variance @values (both

the transition-state barriekY(=~ 0.4-0.5). Diffuse structure gy jated and experimentally determined), confirming that the
flickers between conformations before the transition-state region, degree of structural polarization at the transition state strongly

then the formation must become more ordered; a specific
structure is required for the protein to fold. If native contacts munication).

form out of the preferred route, it may be overall easier (faster) B.3. Effective Loop Length and Partial Contact Order
to partially unfold than evolve in the folding. This may be seen The loop entropy of contact formation is an important compo-

as backiracking frqm an “entropl_c ”aF_’"- Unfolded A_CP May nent of protein topology, as shown by the success of the contact
sample a large region of the configuration space available to it order as a predictor of folding rates. The contact order is the

before it manages to pass through the narrow bottleneck that verage sequence separation between residues computed over
leads to the native state. Tr_]ese effects cause ACP to be one o Il residue pairs that form native contacts. The effective size of
the slowest two-state p_rotelns. . . . the loops formed by contacting pairs vary throughout the folding

. _S_H3 IS a _slower folding proteit? and shows little routl_ng process, however, because more local, inner loops may already
initially (similar to AcP), a,nd, thgn a small bump appears in the formed, decreasing the loss of loop entropy for larger loops
route measure curve. This indicates thaQat: 0.5 some por- (see Figure 3). The ordering and heterogeneity of loop formation

tion offtr;]e protel_n is rr?ore likely to be structu(rjed rslayve Ito th? is an important component of topology and is captured by the

rest of the p_rotem. T_ ese contac_:ts may nee t‘? € In place 10 offe ctive loop length,Le#(Q), as defined by the following

SH3 to continue folding. After this short region is crossed, the equation:

rest of the curve is quite uniform and low. Overall, the ]

probability that any contact is made is closeQo This pro- (49) Aronsson, G.; Brorsson, A. C.; Sahlman, L.; Jonsson, BFEBS Lett.
i i i i i 1997, 411, 359-364.

tein never hgs its .conf|gurat|on space strongly reduced as it (50) Kuszewski. J.: Clore, G. M.: Gronenborn, A. Rtotein Sci1994 3, 1945

searches for its native state. The overall shape oR{® curve 1952. . . .

is similar to AcP, although the entropic bottleneck is smaller (31) Park, S. H. Oneil, K. T.; Roder, #Biochemistryl997 36, 14277-14283.

(52) Lindberg, M. O.; Tangrot, J.; Oliveberg, NNat. Struct. Biol.2002 9,
for SH3. 818-822.

influences the folding kinetics (S. S. Plotkin, personal com-
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-k SH3 and AcP: the folding process involves a more hetero-
Effective Loop Length __] geneous (or more “frustrated”) formation of contacts. The
steeper slope dfe(Q) in SH3 and AcP compared to PtG and
Pshd indicates that longer loops form earlier in the folding
j k process. The benefit of forming inner loops first is not observed
in these proteins. Moreover, AcP (the slowest folding proteins
among the selected four) has a “dip” in pE( revealing that
some contacts that were formed early on are less likely to be
made in the region of negative slope, thus confirming that a
Fi 3. Traditional loop length considered in Plaxco’s contact order (the large entropic bottleneck slows down the folding process of this
thlg:ukreiiné) is larger thanrihe gffective loop (thin line). The effective loop protein. A more detailed analy_SIS of AcP S_hOWS th_at several
size is reduced by the formation of inner contacts, allowing a representation Nonlocal contacts have a 10% higher probability of being formed
of “inner-contact cooperativity”. atQ = 0.3 than atQ = 0.4 (data not shown). These contacts
M may disrupt the folding procession if they are made too early
(L — ZL‘[Q%) and be required to unform. Experimental and simulated dgta
4 & 17 show AcP to have three residues (Y11, P54, and F94) with
L#(Q) = (2) relatively high®-values: these residues are indeed involved
M in long-range contacts. Our measurements support the impor-
ZLk tance of long-range contacts in the transition-state ensemble of
= AcP as has been shown in experim&ht.

wherel; is the loop defined as the chain segment between the Conclusions
pair of residues identifying contattThe sumy; is computed

over all nonintersecting inner loosinside the loopLi (see 5, theoretical results have shown thatological frustration

Figure 3); the fact that each inner lodp is formed with 5 o important determinant of the folding mechanism in two-
probability [@;[Js also taken into accourlter(Q) is normalized State protein§s:1i-14.16.17,36,40,43,567

to unity in the” unfolded state: the denominator coincides with —, s article we have quantified this assertion by introducing
the “standard absqlute contact order (multiplied by total number topological probes extracting information on the intrinsic
of contactsM) that is also the value taken by_ the numerator at (entropic) roughness of the free energy folding landscape. We
Q = 0, when no contacts are formel(Q) yields a smaller 5,6 st died the behavior of these probes on a model database
value as folding occur< > 0) because all formed innerloops ¢ yy6_state proteins. The picture emerging from this analysis
are subtracted. _ _ is fully consistent with the folding rates and mechanisms
The partial contact order, pCQ), considers the reduction  eyperimentally obtained for these proteins. We have compared
of the loop entropy inLex(Q) and additionally includes the  fo|ding rates from simulations and experiments in an absolute

During the last five years several experimental, computational,

probability that a given contact is formed: sense, by establishing a solid criterion to report the data in the
same physical units (see Supporting Information section C).
1M Lefr(Q)[Qi(Q)% When the data are in the same units and the same conditions,
pPCOQ) :ﬁ NN ®) the agreement between simulated and experimentally measured
m Le(Q=1) folding rates is quite remarkable.

The route measureR(Q), of the fastest of these proteins

This function describes the evolution of an average effective typically shows a landscape that is more funneled early on and
contact order along the folding landscape. The synoptic analysis,nordered beyond the transition state. This indicates a very
of partial contact order and effective loop length illustrates the sooth folding landscape, in which local contacts may easily
heterogeneity and order in loop formation (Figure 4). Let's form first because they have a smaller entropy cost. Longer
consider our four selected representative proteins. range contacts may have longer-range or stronger energetic

PtG and Psbd: Le(Q) smoothly decreases, and pC(  attraction to help funnel the energy landscape of the protein.
smoothly increases. For both PtG and Psbd protdiggQ) These longer range contacts may additionally be aided by the
decreases with a smaller slope than the slower folding proteinsinner loop cooperativity measured through the effective loop
SH3 and AcP. This indicates that the inner loops are being length, making the overall loss of loop entropy more homoge-
formed early in the folding of PtG and Psbd, smoothing out negus.
the energy landscape for subsequent contacts. As the folding Pproteins in which the loss of loop entropy is shown to be
proceeds from the unfolded to the transition sta@e~{ 0.5), more heterogeneous (as demonstrated by a steeper negative slope
pCOQ) increases much more slowly for PtG and Psbd than of the effective loop length) are generally slower folding. To
for SH3 and AcP. Overall, the loss of configuration entropy is pack the protein core correctly may require a specific order of
homogeneous; all contacts become in essence local, because
the effective loop length is sufficiently reduced by the formation (53) g/fl”_dgfsco'oy M.; Paci, E.; Dobson, C. M.; Karplus, Nature2001, 409,
of inner contacts. This homogeneity in entropy loss may be (s4) micheletti, C.; Banavar, J.; Maritan, A.; Seno, Fhys. Re. Lett. 1999
thought of as an inner loop cooperativity. A rapid increase of (55) %m%g?é?é%?- DProc. Natl, Acad. Sci. U.S.4999 96, 11305-11310
pCO) distinguishes the post-transition-state region of PtG, (56) Munoz, V.; Eaton, W. AProc. Natl. Acad. Sci. U.S.A999 96, 11311
while pCOQ) remains extremely smooth over the entire folding 5, 11316.

Klimov, D. K.; Thirumalai, D.Proc. Natl. Acad. Sci. U.S.£200Q 97,
process. 7254-7259.
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Figure 4. Effective loop length (right) shows the heterogeneity of loop formation during the folding process. The steeper negative slopes of the slower
folding AcP (green) and SH3 (red) show that more long-range contacts are being formed early. The slope of the partial contact order (left) poadpays the
entropy cooperativity of the folding process. PtG (blue) and Psbd (purple) have smoother, more gently sloped curves prior to the transitiorAsfte tha
and SH3, indicating that longer-range contacts are made only after more local contacts in their interior have formed in faster-folding praieimalyAdd

AcP’s curve dips af = 0.5, showing that some contacts form aro@d= 0.3 and then unfold, slowing the folding process.

contact formation, perhaps involving more nonlocal contacts;

may be the definitive sculptor of the free energy landscape for

see, for example, ref 58 In such a case, the protein could searctslow-folding proteins, it is not the case for fast-folding proteins,
through many configurations in which local contacts come where important features may be added to the free energy

together only to drift apart, until finally the correct contacts are

landscape by energetic (native and non-native) heterogeneity.

made. When the ensemble of contacts leading to the native state
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