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In the framework of a lattice-model study of protein folding, we investigate the interplay between
designability, thermodynamic stability, and kinetics. To be “protein-like,” heteropolymers must be
thermodynamically stable, stable against mutating the amino-acid sequence, and must be fast
folders. We find two criteria which, together, guarantee that a sequence will be “protein like:”

the ground state is a highly designable structure, i.e., the native structure is the ground state of a
large number of sequences, diiid the sequence has a largél” ratio, A being the average energy
separation between the ground state and the excited compact conformatiohighamtispersion in

energy of excited compact conformations. These two criteria are not incompatible since, on average,
sequences whose ground states are highly designable structures havk/langgdues. These two
criteria require knowledge only of the compact-state spectrum. These claims are substantiated by the
study of 45 sequences, with various value\éf" and various degrees of designability, by means

of a Borst—Kalos—Lebowitz algorithm, and the Ferrenberg—Swendsen histogram optimization
method. Finally, we report on the reasons for slow folding. A comparison between a very slow
folding sequence, an average folding one, and a fast folding one, suggests that slow folding
originates from a proliferation of nearly compact low-energy conformations, not present for fast
folders. © 1999 American Institute of Physid$0021-960609)53301-1

I. INTRODUCTION monomers experience an interaction that depends on mono-
mer type. In one class of lattice models, the interactions be-
tween adjacent monomers are chosen as random variables
from a continuous probability distributiofsee, for instance,

Among the set of all possible linear amino-acid het-
eropolymers, only very few are “protein-like.” For a het-

eropolymer to be “protein-like,” three requirements must beRefs. 3.4, and 6 We adopt another approach, namely, a

met: (_') The heteroppllyr.ner must be thermOdynamlca."yso—calledH-P model, where the monomers come in only two
stable: at thermal equilibrium, it must spend a large fraction

of its time in the ground statgAnfissert has shown the types, herophoblc or polg_tr. The main phys_lgal motivation
for studying H-P models is that the specific ground-state

ground state of a protein to be the biologically active con- " _ f | . be | v d
figuration) (i) The heteropolymer must have a fast folding co"figuration of real proteins appears to be largely deter-
mined by optimal burial of hydrophobic amino acids away

time: the native state should be kinetically accessible, typi 9 0 X
from water? It was also shown? from an analysis of the

cally, within milliseconds to seconds for real proteifis.) - ¢ H )
The “protein-like” heteropolymer must be stable againstM'yazawa and Jernigan matrix,that the uncharged amino

mutations: if an amino acid is mutated into another one, th&cids fall into two sets: hydrophobic and polar, according to
native structure should typically be preserved. their affinity for water. Moreover, there is experimental evi-

Why are some sequences of amino acids “protein-like”dence that the native structures of certain proteins are stable

while others are not? Since theoretical methods cannot yé¥hen hydrophobic amino acids are substituted within the
reliably find the ground state of real amino-acid chains, wehydrophobic class and polar amino acids are substituted
address this question within a simple lattice model. LatticaVithin the polar class? The small number of possible inter-
models have been widely used in the study of protein foldingictions in arH-P model(H-H, H-P, andP-P) and the finite
dynamics>—® The main ingredients of these lattice models Number of possible sequences of a given length provide re-
are (i) the protein is viewed as a heteropolymer on a cubiclistic constraints on the design of particular structures. Li

lattice, and (i) noncovalently bonded nearest-neighboret al'® took advantage of these constraints to study some
design properties of aH-P model in the complete space of

. . ibl nces. In particular, th hors intr

3U.P.R. 5001 du CNRS, Laboratoire conventionagec I'Universife possible seque C.ES ”pa tcular, t ?Se autho S. troduced
Joseph Fourier. the concept qt_je5|gnab|_llty In the terminology of Liet _aI.,

P Corresponding author; electronic mail: wingreen@research.nj.nec.com the designability of a given compact structure is defined as
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the numbemMNg of sequences that have this structure as their mm Covalent bond
nondegenerate compact ground state; a highly designable

structure is the nondegenerate ground state of an atypically . H monomer
large number of sequences. These authors reached the con-

clusion that(i) highly designable structures are likely to be O P monomer

thermodynamically stable since they have a large gap in their
compact-state spectrurtii) highly designable structures are
likely to be stable against point mutations; afiid) highly
designable structures have protein-like motifs. These obse
vations suggest that Nature's selection of protein structure
is not accidental but a consequence of thermodynamic stabi
ity and stability against mutations.

The aim of the present article is to push further thell- MODEL AND SIMULATION TECHNIQUES

analysis of Lietal. In particular, the study in Ref. 13 is The aim of this section is to briefly recall the definition

limited to the compact-state spectralgfP heteropolymers of the heteropolymeH-P model, and to describe the simu-
of 27 monomers lengtiithe compact states of which fill a |ation techniques.

3X3X3 cubg, and the dynamical aspects are not discussed.

Here, we address thermodynamic and dynamic properties i The model

cluding all states, not only the compact ones. Of course, our In the model analyzed in Ref. 13, a protein is a self-
present study is, therefore, limited to a small number of seavoiding walk of monomers on a cubic lattice. A sequence is
guenceg4b), in contrast to the complete enumeration in Ref.defined by the sefto;} of amino acids along the chain, where
13. More precisely, we address the following questions:  ¢; e (H-hydrophobic, P-polar), and runs over the mono-

(i) In the compact-state-spectrum studies, thermodymers along the chaini€1,...,27 for achain which folds
namic stability is measured by the gap in the compact-statsmto a compact X 3X 3 cubg. The different structures are
spectrum. By gap, we mean the energy difference betweetefined by assigning a positignto theith monomer on the
the first excited compact stége and the ground compact cubic lattice, such that the distance between two consecutive
state. How does the compact-state-spectrum gap correlateonomers is equal to unity and two monomers cannot lie at
with the “true” thermodynamic stability, where all the pos- the same sitdself-avoidance condition Given a sequence
sible conformationgincluding the open and partially open o, the Hamiltonian is
oneg are taken into account? Also, how does the “true”
thermodynamic stability correlate with the degree of design- H= E Eo o A(rir)), 1)
ability? i<y

(i) How does the folding time correlate with the whereEy y, Eyp, andEp p are the energies di-H, H-P,
compact-state spectrum? An answer to this question wagnd P-P contacts, respectively, ansi(r; r;)=1if r; andr;
postulated in Ref. 4: a small gap in the compact-state speere nearest-neighboring sites witlandj not adjacent along
trum leads to slow folders and a large gap in the compactthe chain, and zero otherwise. For instance, in the case of the
state spectrum leads to fast folders. It was shown in Ref. Gwvo-dimensional conformation of Fig. 1, there are féis
that this postulate isvrong in the framework of a random contacts, oneH-P contact, and thre®-P contacts and the
interaction model: even though sequences with a large conenergy of this conformation is thuse4 y+Ey p+3Ep p.
pact state gap are fast folders, sequences with a small corfthe present model differs from tHé-P models in Refs. 2
pact state gap can fold either slow or fast. Is the postulatand 7 since we take the interaction enerdtes; ,E, p, and
right or wrong forH-P heteropolymers? Ep p to be all different from each other. From the analysis of

(iii) Are highly designable structures also fast folders?the Miyazawa—Jernigan matrix for real proteins, it was
Sequences that have highly designable ground states, astlowr® that Ey <Eyp<Epp and Eyp+Epp)/2
thus, are stable against mutations are also, typically, therme<Ey, . This last condition expresses the fact that different
dynamically stable according to the analysis of the compacttypes of monomers tend to segregate. Following Ref. 13, we
state spectrum carried out in Ref. 13. Moreover, Vendruscolehoose Ej =—-2.3-Ec, Ejp=—1—Ec, and Epp
et al}* showed, in different lattice models, that both types of=—E.. These dimensionless coefficients define the energy
stability are equivalent. One would like to know whether thescale in which the temperature will be measured. An increase
requirement of fast folding dynamics introduces new con-of the compactness ener@¢ tends to favor compact con-
straints on the set of “protein-like” sequences. Finally, oneformations with respect to open ones. The results of Ref. 13
can ask why are some sequences fast folders while others atencerning the compact-state spectrum are of course inde-
slow? pendent o . In the present work, the open, partially open,

This article is organized as follows: Sec. Il is devoted toand compact states are all taken into account in the numeri-
the details of the model and the technical aspects of theal calculations, so that the results presented here depend on
simulations. We implement several techniques that were deE. The determination ofE; from an analysis of the
veloped in the context of statistical mechanics of spin mod-Miyazawa and Jerningan matrix along the lines of Ref. 10 is
els. These techniques are next used in Secs. Ill and IV toather imprecise, but such an analysis suggestsiEhas of
analyze the thermodynamics and dynamics of a set of séhe order of 2 or 3. From the point of view of our calcula-

FIG. 1. A conformation of a 15 mer in two dimensions.

uences. Section V summarizes our answers to the questions
Presented above.
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tions, we have chosen the overall drive to compactification?. Thermodynamics
Ec to be large enough so thé) the average compactifica-
tion time (being the average time to first reach a compactto
statg is much smaller than the average folding tirfleeing
the average time to first reach the ground gtatel (ii) very
few sequences have a noncompact ground state. Howev

Ec should not be too large since, as was shown in Ref. 7, ince, in practice, we could not apply this exact method to

E.C increases above a certain threshold, the _folded phasf?-mers in three dimensions, we have used Monte Carlo his-
gives way to a collapsed glassy phase. In practice, after prefbgram techniques to study the thermodynamics.

liminary simulations, we have choséi=1.5. Several groups working on proteins have rediscovered
the Monte Carlo histogram technique and applied it to het-
eropolymer models of proteins. We refer the reader to Ref. 7
for a clear description of this technique. Most simply, the
technique consists of carrying out a simulation at a given
temperaturd ; and keeping track of the histogram of various
The most commonly used technique in three-quantities, for instance, the joint probability of the enefgy
dimensional lattice—heteropolymer folding dynamics is thenumber of contacts, and similarity with the ground state.
Monte Carlo method with two one-monomer mov@hd  Using this histogram calculated @, one can recalculate
moves, corner movesand one two-monomer moverank-  several thermodynamic quantities at another temperakure
shaft move (see Ref. 7 for a pedagogical description of thishy changing the Boltzmann weight to exp/T) without
algorithm. However, for the model we simulated, a simple carrying out a new simulation. HoweveF, should remain
implementation of the Monte Carlo method spends most otlose toT, since the simulation at temperatufFg is carried
the time refusing moves, leading to large computation timesput over a finite time and the phase space is thus only par-
Hence, we chose to implement a Bortz—Kalos—Lebowitzially sampled. We did not in fact use this “naive” histo-
(BKL) type algorithm’® an algorithm especially efficient in gram technique but rather made use of the powerful method
the presence of slow relaxation. In contrast to the standarghvented by Ferrenberg and Swend$®H. This method con-
Monte Carlo algorithm, this algorithm never rejects movessists in optimizing several histograms calculated at different
In practice, one keeps track of all the possible statdbat  temperatures to obtain the temperature dependence of vari-
can be reached by the three types of moves listed aboveus thermodynamic quantities. Moreover, the accuracy of the
starting from a stater,. Once the list of all possible moves optimized thermodynamic quantities can be evaluated, and
is established, together with the Monte Carlo transition probadditional simulations can be carried out when necessary.
abilities, Following Ref. 16, we briefly summarize this technique by
AE, .. focusing on the case of the single-energy histogram, the gen-
o 25

, 2 eralization to joint histograms of various quantities being
straightforward. We considé&t energy histograms labeled by

one move is picked according to its relative transition probn=1,... R, carried out ovet, time units at the temperatures

ability and that move is then performed. The time spentinT,, ... T,,... Tg, with the normalization

the statex is randomly chosen from the exponential distri-

bution tn:; N, (E),

P(ra()):ex{— > P%w) Ta|- (3 , , ,
a#ag whereN,(E) is the number of times a stater stateg with
One need not recalculate this list of possible final states a@nergyE is sampled in thath histogram. The partition func-
each step, but instead one updates this list by cancelingon Z(T) is expanded over the density of staW/$E) as

moves that are no longer possible and adding new moves
that become possible. The energy casEs, ., of all these Z(T)= EE: W(E)exp( —E/T).

moves are also updated. This algorithm is especially efficient

for slow gnd average folders, but still doe§ npt allow SfyStemEach of theR histogram simulations carried out at a tempera-
atic studies at low temperatures. One unit time of this BKLture T, leads to a “naive” estimate of the density of states
algorithm (noted BKL unit in the following corresponds to

27 Monte Carlo step§MCSs9 of the usual Monte Carlo al- Wn(E)=t;1Nn(E)exp( E/T,—F,/T,), (4)
gorithm (in lattice—heteropolymer folding and for the usual

Monte Carlo algorithm, one MCS usually corresponds to atWith F, the free energy at temperatufg. The Ferrenberg
tempting to move one monomerWe emphasize that the and Swendsen methtfttonsists in expanding the density of
BKL algorithm employs the same move set as the usua$tatesW(E) as a combination of the “naive” densities of
Monte Carlo algorithm. This BKL algorithm is faster than states(4)

the usual Monte Carlo algorithm in terms of computational R

tlme, but the resulting physmal dyr_1am|cs are equivalent, W(E)zE Do (E)W,(E),

given the correspondence: 1 BKL uni7 MCSs. n=1

One possibility to compute thermodynamic quantities is

carry out an exhaustive enumeration of all the possible
conformations, including the noncompact ones. Such an ex-
act method was used, for instance, in the case of a 15-mer in
Sfree dimension&,and for a 16-mer in two dimension$.

B. Simulation techniques

1. Dynamics

P, _.,=min

0]
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the coefficients of this expansigas well as the free energies 1 sy T T T T 1
F, in Eq. (4)] being determined by minimizing the error in R Sequence A ©
this estimation of W(E). The result is a closed set of 08 Sequence C + |
multiple-histogram equations for the, (Ref. 19 )
SR N (E)exp(—E/T) | -
p(E,T)= - B , 5 g 96
Shothexp(—E/T,+F,/T,) ~
a&
04 F .
exp(Fy/Ty) =2 P(E,T,). (6)
Once Egs(5) and(6) have been solved by successive itera- 02 F ]
tions, the average of an energy-dependent operator is calcu-
lated as R

0 i pechimtss
0 02040608 1 12141618 2
>e@ (E)P(E,T) Temperature
SeP(ET) FIG. 2. Probability7’s(T) to be in any state having more that 25 native
contacts as a function of temperature for the thermodynamically stable se-
guence A and the thermodynamically unstable sequence C.

( (E))=

IIl. THERMODYNAMICS

The compact-state spectrum was previous|y determinegerVEd a transition from a unimodal Shape to a bimodal Shape
by means of exact enumeratiotisThanks to this work, we as the temperature was lowered beldy, suggesting the
know for each sequence the lowest-energy compact stateccurrence of a first-order-like transition.

However, it is possible that the true ground state is not com-  On the other hand, in the case of a thermodynamically
pact. We therefore checked during the histogram calculationgnstable sequendand thus one that is not “protein-likg;’

that no open state has a lower energy than the compatfiere are low-lying states competing with the ground state,
ground state. We eliminated a few sequences with nonconnd the transition to the folded ground state as the tempera-
pact ground states. Since we were not able to perform afyire is decreased is thus broad. In order to compare different
exact enumeration of the noncompact states, we cannot egedquences, we measure thermodynamic stability in terms of
clude the poss|b|||ty of a noncompact ground state that WaﬂWE width in temperature of the transition to the native state
not found during the simulations. However, we believe thatcompared to the transition temperature. In biological situa-
this possibility is rather unlikely. We will comment later on tions, the temperature is usually fixed and the notion of ther-
the characteristics of those few sequences with a noncompaial stability is then not only sequence dependent but also
ground state. temperature dependent. For instance, some sequences could
have a narrow transition to the folded state but with too low
aT;, so that in practice the protein is unfolded at the tem-
perature of interest. Our definition of thermodynamic stabil-

We first begin with a qualitative analysis of a “protein- ity is thus, in the context of real proteins, only a necessary
like” and a “non-protein-like” sequence, from the point of condition.
view of thermodynamics. As stated in the introduction, one  Following Socci and Onuchitwe employ the optimized
necessary condition for a sequence to be “protein-like” ishistogram method described in Sec. 11 B 2, and determine the
that it be thermodynamically stable. Hence, we have to find @robability #,5(T) that the sequence is in any conformation
guantitative way to measure thermal stability. It has beerhaving more than 25 correct ground-state contacts, or “na-
proposedf that real proteins undergo a folding transition attive” contacts, out of 28 possible contacts for the fully
some temperatur€; larger than the glass transition tempera-folded structure. Throughout this paper, this set of conforma-
ture Ty, below which the dynamics dramatically freeze. Fortions will be referred to as “native states.” We will consider
“protein-like” sequences, folding should be a first-order-like a heteropolymer as correctly folded if the number of native
transition, withT; much larger tharT, thus allowing the contacts is larger than or equal to 25. This assumption speeds
possibility of a temperature regime in which the ground stataip computations and is sensible from the point of view of
is thermodynamically favored and kinetically accessible. Byreal proteins since structure fluctuations around the folded
“first-order-like,” we mean that as a function of temperature conformation are expected, and do not prevent the protein
the native-state occupancy has a narrow transition from &om being functionalsee, for instance, Ref. L9The varia-
low value in the unfolded phase to a high value in the foldedions of 7,¢(T) as a function of temperatufieare shown on
phase. We will use the width of this transition as a measuréig. 2 for the thermodynamically stable sequence A and the
of thermodynamic stability, the thermodynamically stable sethermodynamically unstable sequence @These two se-
guences having a narrow transition. The first-order-like begquences will be studied in detail in the present artjcléne
havior of the folding transition was put on a quantitative larger width of the transition to the folded conformation in
basis for a latticeH-P model by Socci and OnuchicThese the case of sequence C is due to the existence of low-lying
authors studied the shape of the energy histogram and olsemicompact conformations, not present for thermodynami-

A. Qualitative study of a thermodynamically stable
and unstable sequence
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cally stable sequences. The consequences of these low-lyiraond the native-state contribution %5,,=exp(—Ey/T), with
states for the folding dynamics will be investigated in whatE, the native-state energy. Equatingjq=Zn., Wwe
follows. obtaint82°

Tf:%mm).

The ratio T;/Ty is an indicator of how protein like a se-
quence is. Sincd /T, increases monotonically witA/T’,
In order to answer the first question in itef in the  within the REM approach, either ratio can be used as a mea-
introductory section, we want to compare the compact-statesure of protein-like behavior.
spectrum estimation of the thermodynamic stability, in terms ~ We take here as a working hypothesis the application of
of the folding temperaturd; and the glass-transition tem- these results to our lattice model including tmmpactstates
peratureT,,'®?° to the thermodynamic stability estimated only. We believe that the ratia/T calculated only from the
with the method of Sec. Il A. compact states is a good indicator for protein-like behavior.
The results obtained in the present article are fully consistent
with this assumption.
1. Compact-state-spectrum results More precisely, we calculaté andI” from the compact-
We first review the results of Goldsteiet al,'® and  State spectra, the compact states being conformations exactly
Bryngelson and Wolyne®, who estimated the folding tem- filling the 3X3X3 cube, and the compact-state spectrum of

peratureT; and the glass temperatufg in terms of simple a given sequence being the set of energies of all compact
spectral quantities. The requirement that the rafidT, conformations:

B. Thermodynamic stability: Compact state spectrum
versus transition width

should be large for protein-like sequences results in maxi- 1

mizing a simple quantity related to the energy spectrum. In A= N_caZo (Ea—Eo), @
close analogy to Derrida’'s treatment of the spin-glass

problem?! these authors have developed a random-energy- r2— 1 2 2 1 2 E 2 8
model (REM) approach to protein€:?° Their model relies TNe&o * \Ne&o @) ®

on the assumptiqn tha_t the energies of different Configura\7vhere theE,, (a>0) denote the energies of the excited com-
tions of the protein are independent random variables. Undeﬁact conformationsE, is the lowest compact-state energy,

th|s.hypothe3|s, the glass-transition Fempe_rafD,_gaand .the andN¢ is the number of excited compact conformations.
folding temperaturd; can be related in a simple fashion to

the shape of the energy spectrum, consisting of a native state

with energy Eq, and a higher-energy “liquid-like” state 2. Thermodynamic stability versus — A/T
with no native structure, and with a large entroBy. A
denotes the average energy difference between the high- .AS far as the Monte_(?arlo results are concerngd, we
energy liquid-like states and the native state, &his the estimate the thermal stability of a sequence by the width of

standard deviation of energies of the liquid-like states. Théhe transition In75(T) vs T, as s_hown n F|g.._2. More
glass temperatur®, has been obtained in Refs. 18 and 20premsely, we calculate the dimensionless transition width as
g .

following Derrida’s treatment under the assumption that [ T(0.)-T(0.9 ©
the numbeN of monomers is a large parameter. Assuming a -1 T(0.1)+T(0.8))"

GaLEsian density of liquid-like states, with a maximum 1EorwhereT(x) is the temperature for which the probabilityxs

E=E, the entropy per monomer is to find the heteropolymer in a state with 25 or more native
1 . contacts[This is the inverse function af’%5(T) as plotted in
S(€)=sg— —2(6— €)2, Fig. 2]. We have plotted in Fig. 3 the width of the transi-
2y tion as a function ofA/I" defined by Eqgs(7) and (8).
if €min<€e<€max, With 6min:?_ \/2_307, and 6max:: We have separated the sequences into a set “L"of se-

+12syy. The entropy per monomer vanishes outside thijuences with large values afI" and a set “S” with small
energy interval. The temperature is related to the entropyalues of this ratio(For further consideration, we have ex-
through 1T =ds/de, and a transition to a glassy phase oc-tracted from the “L” set two subsets “LA” and “LB” with

curs belowTy, with 1/T=3s/ Je| emep - This leads to a fixed A/T" ratio, of order 4.5 and 4.7, respectively. Also,
the set “SA” has been extracted from the “S” set, with a
- _ry A/T ratio of order 3.7.) It is clear in Fig. 3 that in spite of

9 \/2_30 \/E some scatter, the “L,” “LA,” and “LB” sets, with a high

The folding temperature is obtained as the temperature beA—/F ratio (larger that 4.3) correspond to thermodynamically

. . o stable sequences, with a narrow transition to the native struc-

low which the native-state occupancy is sizable compared t ; »
L - ure (i.e., a smalls value), whereas the transition to the na-

the liquid-like states occupancy. The contribution of the

liquid-like states to the partition function is tive structure for the sequences belonging to the “S” and

“SA” sets (A/I'<4.3) is rather broad. This shows that
Z, =exp{50+ —(EFZ—ZE” f‘protein-like” sequencegat least as far as thermodynamics
q 2T\ T ' is concernegcorrespond to sequences with a latgd” ra-
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et 1F X X - = 1r x 7
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N 0.4 © oo HE
0.4 | % = ‘ s
02 el il | TR
0.2 : : ' : : : 1 10 100 1000 10000
2 25 8 35 4 45 5 55 Ns
A / r FIG. 5. Transition widthé vs the numbeiNg of sequences that design a
given structure. Crosses denote sequences with a shidll ratio and
FIG. 3. Transition widths from the Monte Carlo simulations v&/I" ob- squares, diamonds, and triangles sequences with a Iafe Some se-

tained from the compact-state spectrum. As explained in the text, the differquences in the SA subset wittVI'=3.7 can have a large designability in
ent sets and subsets of sequences are denoted by different symbols. Typiegite of being thermodynamically unstable.

error bars in the estimation & are shown. The larger error bars for large

originate from the increase of glassinesssascreases.

are likely to be thermodynamically stable. More specifically,
e'[(§1e average gap in the compact-state spectrum suddenly
jumps from a low value to a high value &¢s increases
aboveNgs~1400. It is thus of interest to relate the thermo-
dynamic stability of sequences, measured in terms dafi
Eqg. (9), to the degree of designability of their native-state
structure measured bBYys. We will reach the conclusion that
A/T is a better predictor of thermodynamic stability than
designability. Qualitatively, this could be anticipated since
C. Thermodynamic stability versus designability high designability of a structure still allows for very different
behaviors of the sequences which design that structure.

tio, i.e., sequences with a low-energy native state compar
to the energy width of the distribution of compact states.
One can also ask how the transition widthcorrelates
with A alone, independent df. It turns out thatA/T" is
almost a monotonically increasing function &f as shown
in Fig. 4,T" being nearly constant &t=2, and thereforeA
alone is also a good predictor of thermodynamic stability.

The designability of a given structure is measured in h lation b h el dhof th
terms of the numbel s of sequences that have this structure e correlation et\l/veeg rt] € tranzmﬁn Wi M Z}ft N
as their nondegenerate ground state, and the sequences cfffious sequences analyzed here, an t € nu b S€
responding to highly designable structures should pdluences that design their native structures is plotted.m Fig. 5.
“protein-like.” 3 Interestingly, the highly designable struc- _Clearly, the sequences whose ground states are highly des-

tures show regular helix-like ang@-sheet-like patterns ignable structures are likely to be thermodynamically stable.

quite reminiscent of the regular patterns in real proteinsHowever, we observe that several sequences belonging to the

Moreover, since these highly designable structures have oPets “S” and "SA” of thermodynamically unstable se-

average a larae gap to their first compact excited <& quences have a relatively high designabilMg. These se-
g ge gap P dtey quences, despite high designability, have a small value of

A/T'. Such sequences are expected to emerge due to the fact
11 | T | T that, even for a structure with largés, the ratioA/T" is not
necessarily large for all sequences having that structure as a
ground staté? In other words, it is possible to find atypical
sequences with a low value af/I" even for structures with
+ a largeNg. For instance, using the compact-state spectra, we
have plotted in Fig. 6 the distribution af/I" for the top
% } structure(this is the structure with the maximalg=3794)
+ . and a structure witiNg=300. On average the sequences
% corresponding to the structure witis=3794 have larger
7 F XX - A/T" than the sequences corresponding to the structure with
Ns=300. However, the tail of the distribution for thég
6 F X A =3794 structure still extends to very smalfT". In sum-
X mary, a largeA/I” ratio is a good predictor that a sequence
5 ( A . ( will be thermodynamically stable. A high designabilityg
4 5 6 7 for a structure is consistent with, but does not guarantee,
A/T large A/T" and, hence, thermodynamic stability of its associ-

FIG. 4. A vs A/T for our 45 selected sequences. The symbols are the sam@t€d sequences. _
as in Fig. 3. Finally, we would like to comment on the results of

-
P o+ X
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250 T T T T T Finally, it is worth noting that we eliminated three se-
Ns = 3794 —— quences with partially open ground states. These sequences
o 200 - Ns =300 ---- | had a very lowA/T" ratio (2.17, 2.18, 2.52jthis ratio has
ot been calculated with the ground-state enekgybeing the
o lowest compact-state enepgBy contrast, none of the simu-
3 150 F - lated sequences with a high or moder&td” ratio were
8 found to have a partially open ground state. This suggests
S that the ground-state conformation of some of the remaining
5 100 ] sequences with a small/T" ratio may not be compact. How-
'g ever, since these sequences are among the most unstable
2 50 . ones, our calculation of the transition widths as far as
“protein-like” sequences are concerned is unaffected.
0 =
25 3 3.5 4 4.5 5 IV. FOLDING SIMULATIONS

AT Besides thermodynamic stability and stability with re-
FIG. 6. Distrib_utiqn ofA/T" for the top st.ructuréstructure With the maximal spect to mutations of the amino-acid code, the native state of
Has 2 wickh of 0.06 Im/I" and the quantiy on th ais measres how 3. Protein-like” sequence should be dynamically accessible.
many sequences fall in each bin. Clearly, the dynamics of all the sequences, including the
thermodynamically stable ones, becomes glassy at low tem-
peratures in our model since all the inter-residue interactions
Vendruscolcet al.** These authors also carried out an analy-are attractive. As the temperature is lowered, the average
sis of the relation between thermodynamic stability, calcufolding time (the average time required to first reach the
lated with all the configurations including the open ones, anghative states, starting from a stretched conformatieil
the number of sequencéés that design a given structure. first decrease and then, below a certain temperature, will start
The authors analyzed the two-dimensional case of they increase drastically, presumably scaling like (4]
present model with 16 monomer chains and exactly enumer1/T. Conversely, as we have already seen, the native-state
ated not only all the possible compact, but also all the pospccupancy increases as the temperature is decreased. Since
sible open-state conformations. They found first, in agreewe want to investigate the balance between thermodynamic
ment with Li et al,** a broad distribution oNs. However,  stability and dynamical accessibility of the native state, we
they showed that the thermodynamic stability is flat as gpose to examine the dynamics at the temperailtf,]?@ such
function ofNs, in contradiction with our present results, and 4 o+ the native-state occupancy is fixed at some predeter-
also in contradiction with unpublished d&fawhere the gap  ineq 7. The question is then: do the sequences with a

in the compact-state spectrum in two dimensions was showf.4e A /T ratio, thermodymic stability, and mutational sta-
to increase as a function &fs. In our opinion, this discrep- pijir aiso fold fast afT,?

ancy is due to the fact that in Ref. 14 the overall compactness "\, 5rder to examine this question, we measured the av-

energyEc in the inter-residue interactions was set to zero,erage folding time, namely, the average tifg) necessary

thereby weighting open-state configurations t0o stronglyq, the heteropolymer to first reach any of the native states
with respect to compact states. We expect that a lager  yith o5 ground-state contacts, out of 28), starting from a

would have led to alNs dependence of the thermodynamic gy etched conformation. Because in our model all interaction

stability in Ref. 14. energies are attractive, and individual non-native contacts
may be as strong as native contacts, the folding dynamics are
very slow compared to other models. For this reason, we
This section was devoted to the analysis of the thermosimulated folding of the heteropolymers at the temperature
dynamics of several sequences, selected from highly and@i{*°”® such that the average occupancy of the native states is
poorly designable sequences, and with large and small valuesly &%= 10%. We use the notatioTﬁlO%) in order to avoid
of A/T". The known compact-state spectra allow for the cal-confusion with the usual definition af; corresponding to a
culation of the ratiaA/T", which is thought to be proportional 50% native-states occupancy. Compared to other works
to the ratio of the folding temperature to the glasswhere models with a faster folding time were investigated,
temperaturé®?° and thus predicts to what extent a given this occupancy of the native states is quite small. For in-
sequence is thermodynamically “protein-like.” The Monte stance, Abkevichet al?* could fold a few sequences at a
Carlo data calculated with open and partially open states alsiemperature for which the average similarity with the ground
allowed us to characterize the thermodynamic stability of astate was up to 95%. Their slowest average folding time was
given sequence, in terms of the widéhof its folding tran-  then of the order of X10° MCS, which is one order of
sition. We have shown that these two quantit@sndA/T", magnitude smaller than the fastest folding time in our simu-
are well correlated, signaling the validity of the compact-lations(given that 1BKL uni=27 MCS). However, models
state-spectrum analysis. We have also shown that stabilitywith faster folding times generally require unrealistic as-
with respect to mutationémeasured in terms of designabil- sumptions such as artificially lower energy for individual
ity) is not directly equivalent to thermal stability. native contacts compared to the non-native ones. Even

D. Conclusions on the thermodynamics
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FIG. 7. Average folding time&in BKL units) vs A/T", with the same sym- B
bols as Figs. 3, 4, and 5. A very slow folding sequefiwreafter denoted by
“W” (worsd] has not been shown. It belongs to the set “S,” hed’ 05 F
=2.7, and an average folding time of 430° BKL units.

0 01 02 03 04

h h Id t ticallv to | t FIG. 8. Folding times of the four sequences A, B, C, and D for various
though we could not go systematically to lower empera'native-states occupancies. The valua\¢F for the four sequences A, B, C,

tures, the effect of lowering the temperature was examinegnd b are respectively, 5.05, 4.91, 4.1, and 3.07. The sequences A and B

for a few sequences. are thermodynamically stable, and C and D are thermodynamically unstable.
] ) The two arrows indicate that the corresponding folding times are a lower
A. Average folding times bound.

One folding simulation consists in starting from a

stretched heteropolymer, and running the dynamics until ong,¢rmations with 25 or more native contacts. We folded
of the native states is first reached. The time required is thg, .o sequences again at temperatures corresponding to
fold!ng t|_me, V\_'h'Ch should _then be averaged over SeVera\‘arger native-states occupancy. The sequences A and B be-
folding simulations. In practice, we have averaged the f°|d1ong to the set “L" of thermodynamically stable sequences,
ing time over 20 folding simulations. For each sequence, the 4 he sequences C and D belong to the set “S” of ther-

temperature is fixed ai*" (at this temperature, the native- noqynamically unstable sequences. As the native-states oc-
states occupancy is’=10%). The average folding times ., ancy s increased, we observe in Fig. 8 that the folding
are plotted in Fig. 7 as a function &f/I". The relative error  yimeg of the two thermodynamically unstable sequences, C
in the average folding time can be estimated by noticing that, |4 D, clearly become much larger than the folding times of
the mean value of the folding time distribution is of the order,q two thermodynamically stable sequences, A and B. Re-
of the standard deviatiofwe indeed calculated the full fold- 44 ding the results of our study at a fixed native-states occu-
ing time d.|str|l:_)ut|on for a few sequengeghe re!atlve error pancy of 10%(see Fig. 7, this suggests that as the native-
in the estimation of the average folding time is then of thegie4 gccupancy increases the average folding times of the
order of the inverse square root of the number of foldinggeqyences with a small/T ratio will increase much more
simulations, namely, in our case Of‘/ﬁ)z_o'z' This preci-  anidly than the folding time of the sequences with a large
sion is sufficient for the purpose of our discussion. A/T ratio.

_We observe in Fig. 7 that sequences with a laigé The conclusion regarding the variations of the average
ratio fold fast. We thus conclude, in response to quesiion  fo)ging times as a function of the native-states occupancy is
in the introductory section, that folding dynamics do not addgjmijar to the one reached by Abkeviat al,?* who pro-

any constraint in the selection of “protein-like” sequences: y,seq that the gap in the compact-state spectrum correlates
once a structure is stable against mutations and thermodyith the average folding time calculated for large native-
namically stablgnamely, a sequence with a largél’ ratio  giateg occupancy.
and a largeNg), it will be a fast folder.

A quite striking result visible in Fig. 7 is that sequences
with a low A/T" ratio (belonging to the “S” and “SA” sets
of thermodynamically unstable sequencemay also fold Despite the complexity of protein energy landscapes,
fast, at least as fast as some of the sequences belonging to theveral authors have proposed simple effective descriptions
“L,” “LA,” or “LB"” sets. However, at lower temperatures  of these landscapes. For instance, the role of tfapfolding
and, hence, larger native-states occupancy, we find a strongeitermediatekin the folding process was underlined by sev-
correlation between low/I" ratio and slow folding. eral authors, for instance, by Bryngelson and Wolynhasd

In order to go to lower temperatures, we selected fouby Klimov and Thirumalaf A scenario was proposed by
sequencesdenoted by A, B, C, and D; A and C being the Bryngelsonet al?® in which there exists a “folding path-
same sequences as in Fig, ®ith the same fast folding time, way” to the native state: in a first step, the protein collapses
0.14x10° MCS, atT{!%) je., with a 10% occupancy of via many possible paths in phase space, and, in a second

B. Slow versus fast folding
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step, folds to the native structure via a small number of posTABLE |. The 12 structures obtained for sequence C. The energy of these
sible paths. Abkeviclet al. found evidence for a nucleation Structures isAE=0.3 (except for the ground state that ha&=0). The
process in a lattice model Stuanghe aim of the present first column is the den5|ty of hlteproba_bmty_that a given structure is it

. . . . ) . S and the second column is the Hamming distance to the ground state. The
section is to see if there exists any simple scenario in OU§round state is indicated in the table.

H-P model. Chan and Dill have also studied folding in an

H-P model from the perspective of energy landsc&fies. Density Density Density

Among all the sequences analyzed here atja10%  OTNits®  des  ofhits(%)  dgs  ofhits (%) das
occupancy of native states, one sequence has an anomalously 21.0 28 8.7 26 4.7 38
long folding time, approximatively ¥10° MCS. This se- 177 32 7.9 34 3.9 34
quence belongs to the set of thermodynamically unstable se- 109 30 6.0 38 2B 0(GY

10.7 38 54 40 12 40

quences §/I'=2.7 and5=0.77). Since this sequence has
the longest folding time among our sequence selection, we

will denote this sequence by “W'(worsY. We will compare

this very slow folding sequence to a fast folding “protein-

like” sequence(sequence A in Fig. 3 and also to a se-

quence which is thermOdyna,mica”y unstable but folds fast & ese structures BSE=0.3, except for the ground state that &s=0, and
a native-states occupancy ﬁf: 10% (Sequence Cin Fig. all states are highly compact, with a number of contae®6 out of 28

8). possible. The first column is the density of hifgrobability that a given
structure is hit firgtand the second column is the Hamming distance to the
native state. The ground state is indicated in the table. The symhis-

1. Number of low-energy conformations notes a compact structure.

ABLE Il. The 125 structures obtained for sequence W. The energy of all

In order to obtain more information on low-energy traps, pensity Density Density
we carry out the following simulation. We start from a of hits (%) dgs  of hits(%)  dgs of hits (%) des
stretched conformation and let the dynamics evolve until &

conformation is first reached whose energy above the j:; f{i :8:2 ii *é)_ 33 jf
ground-stat?AE=E — E is smaller than a giveAE,;. We 3.4 48 %0.8 42 %0.3 46
refer to the result of a single such simulation as a “hit.” The 33 44 %0.8 32 %0.3 40
contact matrix of this conformation is then recordétihe 3.3 46 *0.8 42 %0.3 50
contact matrix encodes a compact or nearly compact struc- ;i jg *00'77 foz :g'g fé
ture in a unique way. Its matrix elements; ;, with i,j 21 42 0.7 40 %03 38
=1,...,27, labeling the monomers along the chain, are 21 48 %0.7 30 0.3 48
equal to unity if the mononeiisandj are in contact, and zero ~ %2.0 46 *0.7 46 %0.3 42
otherwise) We repeat this simulatioh times (N= 1500 in 1.9 42 *0.7 50 *0.3 48
practicd. We have chosen a smallE,;;=0.5, but similar *1; ig *%76 ‘268 :8'3 22
conclusions were obtained withE;=1. We finally exam- 16 40 06 26 %03 (GS 0 (G
ine the different structures encoded in the set of contact ma- 15 46 0.6 40 0.3 38
tricesz®, ..., M of theN “hits.” *15 40 *0.6 46 *0.3 38
We analyzed three sequences: sequenda fprotein- x1.4 38 0.6 42 %02 40
like” sequence, sequence [fast folding at7’s=10% occu- :1‘3‘ gg *00': ;42 *%22 33‘;
pation of native states, but thermodynamically unstalaled %13 38 06 a4 %02 40
the very slow folding sequence W. 1.3 48 %0.5 32 %0.2 44
We first study the number of different structures for the 1.3 40 %x0.5 40 0.2 42
sequences A, C, and W. It turns out that for the “protein- *12 46 0.5 42 %02 42
like” sequence A, no states other than the ground state were 1.2 42 0-5 a4 *0.1 48
found with an energyAE<AE;=0.5. As far as the two *ﬁ 22 :82 éf, *%‘11 266
other sequences C and W are concerned, we found 12 differ- x1.1 32 %05 42 %0.1 38
ent structures for sequence C and 125 for sequence W. The x1.1 32 0.5 46 %0.1 26
list of these structures obtained is shown in Table | for se- 1.1 44 05 46 %01 44
guence C and Table Il for sequence W. The Hamming dis- :13 ig 8'2 jj *001'1 438
tance to the ground state in the second column of these tables " ; 42 %0.4 42 %01 24
is *1.0 42 *0.4 42 %0.1 36
o7 97 0.9 46 %0.4 36 %0.1 50
o ] ] %0.9 44 %0.4 36 %0.1 36
d(7, g'(GS)):Ztl j;rs %= 257, (10 *0.9 34 *0.4 46 *0.1 50
0.9 42 %0.4 44 %0.1 46
with # the contact matrix of a given hit ard©® the con- 0.9 44 *0.4 38 0.1 40
tact matrix of the ground-state structure. The contact matri- *8-3 jg oof ;5‘ *8-1 2(2)
ces being symmetric, the summation in Etp) is restricted :0:9 a8 10:3 P :0:1 e
to the matrix element$<j. The matrix elementg=i+1 0.9 50 %03 50

have been discarded since they correspond to covalest
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N,
~

bonds; the matrix elemenjs=i + 2 have also been discarded 100
since no contact can be made between these monomers. E;
We conclude that going from the “protein-like” se-
guence A to sequence C and to the very slow folder W, one
has a spectacular proliferation of different low-energy con-
formations that can be hit starting from a stretched confor-
mation. It is also worth remarking that the ground-state
structure is not the most likely to be hit for either sequence C

or W.

In order to determine if any structures with enewyie
<AE;;=0.5 have been missed, we first notice that for se-
guence C, the most unlikely hit has been reached 18 times
out of N=1500 simulationgthe density of hits for this struc-
ture is 1.2%, as shown in Tablg. [This number is much
larger than unity, indicating that all structures of comparable
or greater probability have been found. For sequence W, the
most unlikely hits have been reached only once out of the
N=1500 simulations, strongly suggesting that some of the
low-energy structures have not been found. In order to esti-
mate the number of missed structures for sequence W, wiides of the “trapping times” in these low-energy states. To
have plotted in Fig. 9 the number of timBls a structure has do so, we start from a stretched conformation and let the
been reached, ordered in decreasing order. The tails hawlynamics evolve until a state with energfe <AE,;, is first
been fitted to an exponential deckfi) =28.5exp(i/50) if  met at timet,. We then calculate the autosimilarift,, 7)
i<90 andg(i) =120 expi/28) if i>90. An estimate of the between the conformation at tintg and at a later time,
error in the total number of structures can be obtained byt 7. This quantity is then averaged ovdr=1500 complete
extrapolatingg(i) and solving forg(i)=1, which leads to simulations. The results are plotted in Fig. 10 for the se-
i=134, compared to the 125 different structures obtainedquences C and W, foAE,;=0.5. As is visible in Fig. 10,
This indicates that of order 10 structures wtfE<AE,;  the typical “trapping time” in a conformation with an en-
=0.5 were likely not reached in theg=1500 simulations. ergy AE<AE,,; differs by only a factor of 2 or 3 between

We have also compared the states hit in the foldinghe sequences C and W, compared to a factor of 30 differ-
simulation to the complete set of compact low-energy statesnce in folding times. This observation further confirms that
with an energyAE<AE,;;=0.5 (known from the compact- the slow folding of sequence W does not originate from the
state enumeratidf). In the case of sequence C, we found trapping in a few “valleys” in phase space with a very long
that all 12 low-energy states in Table | are indeed compactrapping time. On the contrary, the trapping time of the av-
and correspond exactly to all the compact states with an ererage folder C and the very slow folder W is of the same
ergy AE<AE,;=0.5. For sequence W, we found 85 com- order of magnitude and slow folding seems to originate pri-
pact structures with an energyE<AE;;=0.5, a number marily from the profusion of low-energy conformations for
considerably smaller than the 125 structures in Table llsequence W.
which include partially open structures as well. Moreover,
five of the 85 compact-state structures were not hit in our
simulations. It is very plausible that these five low-energy
compact structures were missed because of poor statistics for
the most unlikely hits; this is consistent with the earlier sta- 24 ' ' ' ' .
tistical estimate of a total of 10 missed structures. Sequence G ©

The comparison between the low-energy compact struc- Sequence W+
tures and the hit simulations shows that, for the average fold- 20
ing sequence C, the full low-energy phase space is dynami- >
cally accessible, though some of these low-energy &
conformations are more likely to be Hisee Table ). The
proliferation of different low-energy conformations in the
case of the slow folding sequence W closely matches the 5 4o | -

Ni

1 1 | 1 1 1 I@

0O 20 40 60 80 100 120 140
|

FIG. 9. Variations of the number of hitsvs their ranki.

16 T

osimilar

large number of low-energy compact conformations. This is <
natural because the low energy cutdft,;;=0.5 restricts
“hits” to compact or very-close-to compact states. 8 I -
| - 3
2. “Trapping” time in the low-energy conformations 0 200000 400000 600000 800000
We now turn to the question of how long the protein T (BKL unit)

remains in the' first states reached with an enelgy FIG. 10. Evolution of the autosimilarit§(t,,7) between the conformation
<AE;. In particular, we would like to compare the magni- at timest, andty+ 7.
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V. CONCLUSION of these having a nondegenerate compact ground-state
s_,tructurel.3 The total number of possible compact structures

Let us now summarize our answers to the three ques 13 .
tions presented in the introduction. Is 51 704:° Among all these structures, only 60 are highly

(i) We have investigated the relation between Compactgesignable{estimated fro_m the jump of the average compact-
state-spectrum predictions, namely, thél" criterion, Egs. sFate—spect_r um gap & increases abovg 1400). The 60
(7) and (8), and thermodynamic stability, determined from highly designable structure§ are d§5|gned by a total of
Monte Carlo simulations where all the statg®t only the 128 320 sequences, onlxl 15/0.0f .Wh,',Ch havd™>4.3 and
compact onesare taken into account. We find that for high are thus expected to be _p_r(_)tem-llke folders, "? summary,
A/T the predictions of the compact-state-spectrum analysignIy _about 0'01%“0]( th(_a |n_|t|a,! 2 sequences satisfy all the
are in good agreement with the Monte Carlo simulations€duirements for “protein-ike™ behavior.
Namely, sequences that have a higH" ratio glso have a ACKNOWLEDGMENTS
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