
VOLUME 76, NUMBER 21 P H Y S I C A L R E V I E W L E T T E R S 20 MAY 1996

ryland,

407
Criterion that Determines the Foldability of Proteins
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We show, using lattice models of proteins, how the kinetic accessibility of the native state of proteins
is encoded in the primary sequence itself. The folding times for various sequences correlate extremely
well with the single parameter intrinsic to the sequence, namely,s  jTu 2 Tf jyTu where Tu and
Tf are the collapse and folding transition temperatures. Fast folding sequences have small values of
s (typically less than 0.1) whereass values for slow folding sequences exceed 0.6. The folding
times change by 5 orders of magnitude whens goes from 0.05 to a value exceeding about 0.6.
[S0031-9007(96)00175-5]

PACS numbers: 87.15.By, 61.41.+e, 64.60.Cn, 87.10.+e
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The Levinthal argument [1] that the time scale for ra
dom search of all possible conformations of a polypept
chain would be incompatible with biological folding time
has served as a major intellectual challenge to underst
ing the kinetics of folding of proteins. The implication o
the Levinthal paradox is that since the underlying ene
landscape contains numerous minima separated by b
ers of varying heights how can a polypeptide chain, o
relatively fast time scale, reach the unique native con
mation [2]. Thus it is natural to wonder if proteins hav
been designed so that the requirement of kinetic folda
ity and the associated stability of the native state h
somehow been simultaneously satisfied. If this were
case then a logical conclusion is that the requirements
the kinetic accessibility of the native state should be
coded in the primary sequence itself. Furthermore,
cause protein folding is a self-assembly process then th
requirement(s) should be describable in terms of the pr
erties intrinsic to the sequence. This reasoning wo
further indicate that thermodynamic properties associa
with sequences may well dictate the overall kinetic fo
ability of proteins.

In recent years many aspects of protein folding kinet
have been predicted using very simple representation
proteinlike features [3–13]. In this Letter we use latti
models and Monte Carlo simulations to show that fo
ability of sequences with a unique native state is entir
determined by two key temperatures that are intrinsic
the sequence. The principal results of this study, wh
were obtained by systematically investigating about si
sequences, follow.

(a) The spectra of sequences with a unique gro
state show that there are many low energy states
are noncompact. These make significant contribution
thermodynamic properties and are also involved in
folding kinetics.

(b) Folding in this model is essentially determine
by two characteristic temperatures, which are intrin
properties of the sequence. One of them is the colla
0 0031-9007y96y76(21)y4070(4)$10.00
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transition temperatureTu , above which the chain is
in an extended random coil state. The other is t
folding transition temperatureTf , at which the chain
undergoes a first order transition to the folded state.
particular, folding times correlate extremely well with th
dimensionless parameters  jTu 2 Tf jyTu. Extremely
fast folding sequences have small values ofs s#0.1d
while slow folders are characterized bys . 0.6.

(c) There appears to be no useful correlation betwe
folding times and the energy gap between the nat
conformation and the first excited state. There are a la
number of sequences, all with roughly the same foldi
times, but with very different values of the energy gap.

In order to establish the results quoted above we h
considered a simple lattice model of a protein. In t
lattice model the polypeptide chain is taken to be
chain of N connected beads that are confined to t
vertices of a cubic lattice. The self-avoidance criterion
satisfied by the restriction that each lattice site be occup
at most once. Conformation of the chain is describ
by the coordinatesri si  0, 1, 2, . . . , Nd which are the
positions on the lattice. A topological contact in th
lattice is formed whenever two nonbonded beadsi and
j sji 2 jj $ 3d are nearest neighbors on the cubic lattic
i.e., rij ; jri 2 rj j  a, the lattice spacing. The energ
of a given conformation is assumed to be the sum of
energies associated with each topological contact

E 
X

i,j13

Bijdsrij 2 ad , (1)

whereBij is the strength of the interaction energy betwe
the beadsi and j, and ds0d  1 and 0, otherwise. The
heterogeneity of interactions in proteins is mimicked b
assuming that the interaction energiesBij have a Gaussian
distribution [10,11]

PsBijd 
1

s2pB2d1y2 exp

√
2

sBij 2 B0d2

2B2

!
, (2)

where B0 is the mean value andB is the standard
deviation. Energies are measured in units ofB. We
© 1996 The American Physical Society
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consider two values ofN and two values ofB0. The
values ofN are 15 and 27 and the values ofB0 are20.1
and 22.0. The smaller value ofN was chosen so tha
all allowed conformations of the chain could be explicit
enumerated so that the thermodynamic properties ca
determined exactly. The value ofB0  20.1 makes the
fraction of hydrophobic residues to be around 0.55, wh
is close to that found in natural proteins. For sequen
with B0  22.0 the low energy spectrum is expected
be dominated by compact structures. This allows us
compare the folding kinetics as a function of the size
the conformation space.

For these models a sequence is specified by a set of
dom numbers drawn from the distribution function giv
in Eq. (2). We generated one-third of all sequences tot
randomly. The remaining sequences were optimized [
by performing Monte Carlo simulations in sequence sp
using the ground state of randomly selected sequen
as target structures. This method of creating sequen
which gave rise to a range of energy gapD, generated na-
tive states with different topology. For a given sequen
we determined the spectrum of the low energy states.
N  15 this was done by enumerating all the allowed co
formations which is on the order of 108. The spectra for
sequences withN  27 had to be determined numerically
This was done using the following procedure. All the s
quences forN  27 were optimized by initially running
Monte Carlo simulations in sequence space [13]. T
yields ground state structures which are (in all likelihoo
the lowest energy structures. In order to obtain other
energy states we heated the system to a high enough
perature and slowly cooled it to a very low temperatu
During the course of slow cooling we monitored the ene
Est, Tid as a function of timet and temperatureTi at theith
cooling step. The energies are arranged in increasing o
yielding spectrum for a given sequence. In order to ens
that the calculated spectrum is an equilibrium spectrum
procedure was repeated for several (typically 100) ini
conditions and in each instance we obtained identical
ues of the energies. It should be stressed that this me
is not very accurate for obtaining high energy states wh
are expected to be spaced close together.

The low energy spectra for ten sequences withN 
27 and B0  20.1 are displayed in Fig. 1. For eac
sequence there are two columns. The left side of e
column corresponds to the energy levels obtained from
slow cooling Monte Carlo simulation described above a
the right hand column corresponds to the exact spect
obtained by retaining only the compact structures. T
values of the gapD are listed below each column. It i
clear that for some sequences the lowest energy in
spectrum of compact structures is near the continu
of the true spectrum. This figure shows that the g
calculated using the compact structure alone exce
the true gap provided the native conformation is its
compact. This is because forN  27 small excitations
be
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FIG. 1. Lower part of energy spectra for ten optimize
sequences (N  27, B0  20.1). The left columns of each
sequence are the energy levels obtained from slow coo
Monte Carlo simulations. The columns on the right repres
the energy spectra of compact structures. Below each pa
spectrum columns the energy gapD calculated from Monte
Carlo simulations (upper quantity) andDCS calculated from the
spectra of compact structures (lower quantity) are indicated.

are easily created by flipping one surface bond and
would result in a noncompact structure. Thus, unle
the value of jB0j is artificially high, one expects tha
several low energy structures would be noncompact,
these would play an important role in the kinetics a
thermodynamics of folding.

The kinetics of folding in these models for bothN 
15 and 27 was determined using the Monte Carlo meth
Briefly, we started from an initial random conformatio
at a high temperature and quenched the system t
temperature below the folding transition temperatu
Many different correlation functions were used to pro
the kinetics of approach to the native conformati
starting from an ensemble of independent initial hi
temperature conformations. In this Letter the kinetics
discussed using the structural overlap functionxstd which
for a given initial trajectory labeledk is given by [9]

xkstd  1 2
1

N2 2 3N 1 2

X
ifij,j61

dsrk
ij 2 rN

ij d , (3)

whererN
ij refers to the coordinates of the lowest ener

(native) state anddsxd is the Kronecker delta function
The kinetic behavior is inferred by averagingxkstd over
an ensemble of initial conditions. In the simulations w
used between 100 and 800 initial trajectories depend
on the sequence and the temperature. The colla
transition temperatureTu is obtained from the peak in
the temperature dependence of the specific heat cu
while Tf is calculated from the peak in the fluctuatio
in the structural overlap function [9],Dx  kx2l 2

kxl2, where the angular brackets indicate thermodynam
averages. It has been demonstrated that this me
4071
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of determining Tu coincides with the temperature
which the shape of the chain changes from a rand
coil to a compact structure [14]. The folding time
were calculated by a quantitative analysis of the ti
dependence of approach to the native conformation.
all the sequences examined we find that, after a trans
time, xstd is well fit by a sum of exponentials (one, tw
or three). The folding time is taken to be the long
time in such fits. Other methods of calculating the foldi
times, such as the mean first passage time, yield rou
the same trends.

The simulation temperatureTs for each sequence wa
determined as follows. Since we want to compare fold
times for a variety of sequences, it is desirable to sub
them to identical folding conditions which in our sim
lations are determined by the temperature. We chos
run our Monte Carlo simulations at a sequence dep
dent temperatureTs that is subject to two conditions: (a
Ts must be less thanTf so that the native conformatio
has the highest occupation probability; (b) the values
kxsTsdl must be a constant for all sequences. This allo
us to compare all sequences on equal footing.

The major purpose of this Letter is to search for
intrinsic properties of sequences which effectively con
the folding times. Since there are only two equilibriu
characteristic temperatures, it is likely that the foldi
times may be determined by these temperature sc
In Fig. 2 we plot the folding timestf as a function
of s. The upper panel givestf for N  15 while the
lower one is for N  27. The figure shows that th
folding time correlates extremely well with the intrins
thermodynamic parameters. The sequences span a ran
of s and consequently meaningful conclusions can
drawn. Sequences with small values ofs fold extremely
rapidly. The folding times forN  15 and s # 0.1
rarely exceed 104 Monte Carlo steps (MCS) wherea
sequences withs exceeding 0.6 have folding times
excess of 107 MCS. ForN  27 all the sequences wer
optimized so that the value ofs does not exceed 0.15
The qualitative trends, namely, sequences with sm
values ofs fold rapidly while those with larger value
of s have larger folding times, remains unchanged.
is remarkable that the folding time increases dramatic
(by several orders of magnitude) whens changes in the
range from 0.05 to 0.6. Thus, it appears that the sin
parameters determines the foldability of the sequenc
It is natural to suggest that the kinetic accessibility
real proteins may therefore by encoded in the prim
sequence. Physically, ifs is small, thenTu ø Tf and as
a result all possible transient structures that are explo
by the chain enroute to the native state are of relativ
high free energy. Consequently, the usual barriers
very small whens is small and folding to the native sta
is very rapid [15].

It has been suggested in the literature that rapid fold
of sequences for the model of the sort studied here dep
4072
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FIG. 2. Dependence of the folding timetf on s  jTu 2
Tf jyTu for a number of sequences. The upper panel
corresponds toN  15. The full circles correspond toB0 
20.1 while the empty circles are forB0  22.0. The lower
panel (b) is given forN  27, B0  20.1. The solid lines are
a guide to the eye. The data appear to be consistent with
exponential although other forms cannot be ruled out [15].

exclusively on the energy gapD between the native stat
and the first excited state [11]. We assume that
intrinsic parameter that controls folding times should
dimensionless, and consequently we expressD in units of
the simulation temperature of each sequence. In Fig. 3
present the folding timestf as a function ofDyTs. The
upper panel of Fig. 3 is forN  15 while the lower panel
is for N  27. These figures show in a dramatic fashi
the irrelevance ofDyTs in determining folding times. It is
obvious from Fig. 3 that it is possible to generate arbitrar
a large number of sequences with varying values ofD all
of which will have approximately the same folding time
Thus, it is clear that energy gap alone cannot determ
folding times in these models [16].

There are a number of implications of this study f
real proteins. (1) Whenevers is less than about 0.1
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FIG. 3. Plots of the folding timetf as a function of the
energy gapD divided by the simulation temperatureTs. (a)
The solid circles correspond toB0  20.1 whereas the open
circles are forB0  22.0. The value ofN is 15. (b) This plot
is for N  27, B0  20.1.

(the precise value depends on the length of the seque
the folding kinetics appears to be an all-or-none proce
In these cases we find that the native conformation
reached by a specific nucleation collapse mechan
i.e., the folding process and the initial collapse of t
polypeptide chain are almost synchronous [15]. Su
sequences are highly optimized and in general we ex
this behavior to be seen in relatively small proteins. T
fast folders can be made to reach the native conforma
at relatively high temperatures. (2) Moderate folders (
Fig. 2) haves values in the range between 0.1 and 0
Thus for s  0.4 the folding transition temperature i
roughly 36±C assuming thatTu ø 60 ±C. Since moderate
folders can be created in a more random manner, i
tempting to speculate that longer proteins in nature
not fully optimized. It is likely that these are the protein
which obey the minimal frustration principle [4]. Thes
observations suggest that the simultaneous requirem
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of kinetic accessibility and the associated thermodynam
stability can be achieved by both fast and moder
folding proteins. (3) From ade novodesign point of view
it appears that one should synthesize proteins so that
s values lie below about 0.6. For a given sequence b
Tu andTf are measurable so that by a process of iterat
one could arrive at the desired sequence. It would
desirable to understand theoretically the precise fac
that determines.

In summary, using the random heteropolymer mod
we have shown that the kinetic accessibility of the n
tive states in proteins may be encoded in the primary
quence. It is remarkable that the single parameter
characterizes the folding kinetics is determined solely
the collapse transition temperature and the folding tr
sition temperature. If the protein sequence and the a
ciated effective potential of mean force are given, the
characteristic temperatures can be calculated. Alter
tively experiments can be used to obtainTu andTf . Be-
cause these temperatures can be altered (by mutati
one can use this encodability aspect to control folding
proteins and presumably other biomolecules.
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