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Synopsis 

In the context of dynamic Monte Carlo simulations on a model protein confined to a 
tetrahedral lattice, the interplay of protein size and tertiary structure, and the requirements for 
an all-or-none transition to a unique native state, are investigated. Small model proteins having a 
primary sequence consisting of a central bend neutral region flanked by two tails having an 
alternating hydrophobicfiydrophilic pattern of residues are seen to undergo a continuous 
transition to a /?-hairpin collapsed state. On increasing the length of the tails, the 8-hairpin 
structural motif is found to be in equilibrium with a four-member 8-barrel. Further increase of the 
tail length results in the shift of the structural equilibrium to the four-member /?-barrel. The 
random coil to 8-barrel transition is of an all-or-none character, but while the central turn is 
always the desired native bend, the location of the turns involving the two external strands is 
variable. That is, B-barrels having the external stands that are two residues out of register are 
also observed in the transition region. Introduction into the primary sequence of two additional 
regions that are a t  the very least neutral toward turn formation produces an all-or-none 
transition to the unique, native, four-member 8-barrel. Various factors that can augment the 
stability of the native conformation are explored. Overall, these folding simulations strongly 
indicate that the general rules of globular protein folding are rather robust-namely, one requires 
a general pattern of hydrophobicfiydrophilic residues that allow the protein to have a well- 
defined interior and exterior and the presence of regions in the amino acid sequence that at the 
very least are locally indifferent to turn formation. Since no site-specific interactions between 
hydrophobic and hydrophilic residues are required to produce a unique four-member 8-barrel, 
these simulations strongly suggest that site specificity is involved in structural fine-tuning. 

INTRODUCTION 

Since the time Kendrew obtained the first low-resolution x-ray crystal 
structure of myoglobin,' the elucidation of the factors responsible for the 
folding of globular proteins has been an objective of biophysical 
In particular, the role of short-range vs long-range interactions has long been 
debated.g Simply stated, can one predict the tertiary structure based primar- 
ily on the down-chain, short-range interactions,", '' or are tertiary interactions 
themselves responsible for the creation as well as the stabilization of the 
native conformation, or is it some combination of the two?12 If tertiary 
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interactions are in fact very important (and since almost all proteins do not 
adopt appreciable amounts of a-helical or 8-sheet structure in the denatured 
state), it is not clear at  what level they must be treated. Must one know all 
the intimate details of the interactions? Or since homologous proteins such as 
the globins possess quite small sequence homology and yet have very similar 
tertiary structure,13 perhaps the general rules of protein folding are very 
robust and, provided the rules are not violated, local differences in amino 
acids merely produce minor structural fine-tuning. It is the latter viewpoint 
we have adopted in a series of Monte Car10 (MC) simulations on globular 
protein f~lding. '~- '~ In the current work on model protein systems, we shall 
examine the factors responsible for the formation from a random-coil state of 
a structurally unique four-member 8-barrel native conformation as well as the 
features that make the conformational transition all-or-none! 

Two basically complementary theoretical/computational approaches have 
emerged to address the factors determining protein conformation and stabil- 
ity. The first approach employs as realistic a potential energy surface for the 
protein as is currently available.'s-21 One then starts with an initial folded 
state typically obtained from the x-ray structure, and employs molecular or 
Brownian dynamics to obtain information about the equilibrium and dynamic 
properties of the protein. This is an extremely powerful technique for obtain- 
ing local, relatively short-time (on the order of hundreds of picoseconds) 
information. Unfortunately, proteins neither fold nor globally unfold on this 
time scale. To obtain somewhat longer time information, an umbrella sam- 
pling technique is employed." Here, one has to guess at  the reaction coordi- 
nate for the moiety undergoing the transformation. Again this technique 
involves relatively minor conformational adjustments, e.g., distortion of the 
lattice accompanying the rotation of a tyrosine ring. If one could really 
specify with a large degree of certainty the unfolding or unfolding pathway of 
the protein, a substantial part of the problem would already be solved; it is 
precisely this information that is lacking. 

An alternative approach espoused by Scheraga et al.22*23 and again using a 
"realistic set" of interactions, involves the buildup of a polypeptide chain 
starting from its constituent amino acids. In its most sophisticated variant to 
help alleviate the multiple minima problem, a Monte Carlo/energy minimiza- 
tion approach is used.23 So f a r  the method is useful for the study of small 
polypeptides (e.g., pentapeptides), but so far has not been shown capable of 
treating the number of amino acids present in even a small protein. 

Such detailed studies of local protein conformations are extremely impor- 
tant in providing insight into aspects of local globular protein properties. 
However, due to the very large number of degrees of freedom involved, this 
approach would require a computer many orders of magnitude faster than any 
currently available to fold a protein from the random coil to the native state.8 
Moreover, given the complicated potentials employed, even if such folding of a 
protein were successful, one would be no closer to understanding the general 
rules of protein folding-i.e., one would then have to dissect the free energy 
surface to distinguish the essential from the nonessential features. In other 
words, one would pare down the potential until the point when the protein 
fail& to fold; then one would have established the necessary ~~ndi t ions  for 
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the folding of the particular protein under consideration. The folding general 
rules would have to emerge by induction. 

We have opted for an alternative approach and are attempting to develop a 
series of model proteins where the minimal set of interactions necessary to 
fold a given topology are introduced, and the folding/unfolding transition is 
studied using highly efficient MC techniq~es.'~-" Refinements in the allowed 
interactions are introduced only when absolutely required to reproduce a 
desired characteristic present in real globular proteins. 

When using a schematic model, care must be taken to ensure that the 
conformational transition of the model and real globular proteins have the 
same qualitative features. First and foremost, the native (N) state cannot be 
a priori specified in advance. Just as in real proteins, interactions between all 
residues must be allowed. If only interactions that occur in the native state 
are permitted, this would serve as a check of the algorithm, but it cannot 
provide any guarantee that the assumed minimal set of interactions would 
fold the protein, once such a stringent restriction is eliminated. Allowing 
nonnative interactions also permits an examination of the factors required to 
produce an all-or-none transition. One of the most remarkable things about 
the conformational transition in small globular proteins is that the transition 
is well approximated by the two-state mode1.8>24-27 Nam ely, a given molecule 
is either completely denatured (D) or it folds to a thermodynamically unique 
native state. When we say that the D - N transition is all-or-none we do not, 
of course, mean that in the transition between the two states the molecule 
does not pass through a large number of intermediate states. We only mean 
that the time spent in these intermediate states is negligibly small compared 
to the time spent in the D and the N states. Or said another way, the 
probability that the protein is in a configuration that is not identifiable as 
either a D or an N configuration is very small. Yet the free energy of 
stabilization per residue is small, on the order of a few hundred calories per 
m0le,~~9 29 and based on naive statistical mechanical considerations, one might 
expect a whole manifold of states to be populated. Hence, while we do not in 
advance construct a model that has an all-or-none conformational transition, 
such a transition must emerge from the simulation. The necessary conditions 
that change an intrinsically continuous transition to one of the all-or-none 
type are investigated below. If one can in fact produce a crossover between the 
two qualitatively different kinds of transitions, the insights gained would 
presumably have applicability to the folding transition in real globular pro- 
teins as well. 

Possibly the most stringent requirement is that the model protein collapse 
not merely to a thermodynamically unique state, but also to a structurally 
unique state, about which only local conformational rearrangements o c ~ u r . ~ * ~ ~  
Otherwise stated, every time a D + N transition occurs, the same native state 
results; otherwise one has missed what is perhaps the most essential feature of 
globular protein folding. Ideally, the model must not only satisfy the above 
requirements but must also have a three-dimensional, backbone structural 
motif that occurs in nature; or at  the very least, it should reproduce a 
structural building block or domain of a naturally occurring protein tertiary 
structure. 
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So that the above approach be practical, efficient MC algorithms that 
surmount the multiple minima problem must be employed. We use a dynamic 
MC m e t h ~ d l ~ - l ' . ~ ~  that works well at  sampling both the vast range of 
configuration space accessible to the denatured state as well as the rather 
steep confines of the native conformation. Moreover, since we are doing a 
series of computer experiments, in which we guess that a particular kind of 
interaction is important and then examine the consequences of incorporating 
it into the model, the algorithms must be sufficiently fast so that an entire 
denaturation or renaturation run can be done in a reasonable amount of CPU 
time. Otherwise, the computations become prohibitively expensive, and the 
characterization of parameter space will of necessity be incomplete. 

In work done to date, we have focused on the folding of P-proteins, the 
results of which are summarized below.14-16 The first question addressed was 
the role (if any) played by secondary structure in the denatured state, a 
controversial What is agreed upon is that at  most a small amount 
of secondary structure exists in the unfolded protein; whether the thermally 
induced denatured state is a pure random coil lacking any elements of 
(fluctuating) secondary structure or not is not universally agreed upon. Thus, 
we considered the simple case of a homopolymeric protein,16 in which no 
elements of secondary structure at  all are favored in the denatured state, yet 
where the local tertiary interactions favor p-sheet formation. Just as in the 
case of very flexible ~olymers,l~9'~9~~ collapse is to a molten globlule that is 
globally disordered; however, here there are patches of local ordering. The 
transition is extremely steep, but successive heating and cooling produces a 
different collapsed conformation each time. Therefore, this is a miserable 
globular protein model. Thus, if this class of models has anything at  all to say 
about the conformational transition in real proteins, then there appears to be 
a requirement that a small amount of fluctuating secondary structure is 
present in the denatured state. 

Introduction of a small preference for P-pleated sheet formation, along with 
the same kind of tertiary interactions as in the above model, resulted in 
collapse to a P-barrel-like structure.16 The mean strand length is approxi- 
mately constant on successive refolding, but the number of P-stretches and 
bend locations are variable. While we were able to establish by the standard 
thermodynamic ~riterion~'9~ that these systems behave like two-state models, 
they fail to reproduce a unique P-barrel native state; rather a manifold of 
folded structures result. 

It appears, then, that models having completely uniform interactions, i.e., 
where each amino acid residue is the same, while reproducing a number of 
features of the folding transition, cannot be the whole story. Two essential 
pieces have been omitted from the physics. One of the most obvious features 
of real globular proteins is that they have a well-defined interior and e~ter ior .~  
The aforementioned class of models do not. Consider, for example, the forma- 
tion of even the simplest of folded structures, the P-hairpin. If all the 
interactions are uniform, then there are two mirror-image conformers; the two 
are related by the reversal of the interior and exterior residues. Therefore, one 
should at the very least specify the pattern of hydrophobic and hydrophilic 
residues. 
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The introduction of hydrophobic/hydrophilic residues in an appropriate 
odd/even pattern characteristic of an antiparallel P - p r ~ t e i n ~ ~  should also 
serve to reduce the fluctuations in turn location and thereby the manifold of 
conformational states. In other words, suppose one shifts the location of the 
turn so that now hydrophobic and hydrophilic residues are in contact. This 
conformation will have a much higher free energy; thus shifts in registration 
by at least two residues that return the molecule to a pattern of hydrophobes 
interacting with other hydrophobes would be expected to occur. 

Suppose one then introduces into the primary sequence regions that have a 
statistical tendency to form turns.g918-20 That this is physically reasonable is 
strongly suggested by the nmr studies of Wright and co-workers on polypep- 
tide fragments, which find evidence of a statistical population of native-like 
turn conformations even in the denatured If a tight bend forms in a 
region previously found in the interior of the protein, the shift of hydrophobic 
residues into the bend costs free energy. Thus, the presence of regions that 
have a statistical tendency to form bends should help reduce the multiplicity 
of collapsed conformations. The validity of these qualitative conjectures are 
examined below. 

The outline of the remainder of the paper is as follows: In all cases, we focus 
on proteins whose collapsed structure is composed of 8-sheets. In the next two 
sections, a detailed discussion of the model and the simulation algorithm are 
presented. The following section describes the folding of ,&hairpins having a 
primary sequence pattern of a central turn neutral region flanked by two tails, 
each of which contains the odd/even hydrophobic/hydrophilic pattern of 
residues. The character of the transition from the random-coil state to a 
8-hairpin is analyzed. As the size of the protein is increased, but where the 
primary sequence pattern remains the same, a crossover from P-hairpins to 
the four-member, antiparallel &barrel structural motif is observed. Then, the 
factors responsible for the collapse to a unique four-member P-barrel structure 
and the nature of the transition are discussed in detail. Finally, we conclude 
with a summary of the present calculations and a discussion of their implica- 
tions to the folding of real proteins. 

THE MODEL 

Consider a consecutive sequence of n beads occupying the vertices of a 
diamond lattice, and let I be the virtual bond length. Each bead represents an 
amino acid residue. Hence, an a-carbon representation of a protein is used.40 
Excluded volume is incorporated into the model by prohibiting the multiple 
occupancy of all lattice sites. Thus, at most a single bead can occupy a lattice 
site. Each of the n - 3 interior beads numbered from bead 2 to bead n - 2 
have three allowed rotational state conformations. There is the lowest energy 
truns (t) state consisting of the in-plane arrangement of three consecutive 
bonds and the two out-of-plane gauche states denoted by g +  and g-, 
respectively. In the following, the reduced temperature of the system is 
defined by T* = kBT/c,, with k B  Boltzmann’s constant and T the absolute 
temperature. 
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Fig. 1. (A) Schematic representation illustrating the coupling between the local conformation 
and the nearest neighbor interactions between the nonbonded bead pair i and J. (B) t or g 
denotes a trans or gauche conformation associated with the particular bond either preceding or 
following beads i or J. 

We next discuss our simple implementation of hydrophobic and hydrophilic 
interactions. Consider, as in Fig. 1(A), a pair of nonbonded nearest neighbor 
residues. Suppose both are hydrophobic. Then, c h  (a negative quantity) is the 
attractive interaction free energy between the two. Thus, in a very simplistic 
manner c h  mimics the hydrophobic interaction. It might also mimic an 
attractive interaction arising from a salt bridge. If, however, both residues are 
hydrophilic or if they form a hydrophobic-hydrophilic pair, then a positive E , 
accounts for their effective repulsive interaction. It should be pointed out that 
ch  and E ,  are intrinsically independent of the backbone chain configuration. 

To explicitly allow conformational coupling between nonbonded but nearest 
neighbor conformational states, an additional parameter E ,  is introduced. The 
magnitude of the conformational coupling is depicted in Fig. l(B). E ,  is in fact 
a preaveraged parameter that implicitly assumes a favorable interaction 
pattern of amino acids in the primary sequence and allows for interactions 
between second nearest neighbors down a pair of adjacent sections of the 
protein chain. Qualitatively identical behavior has been found on neglecting E , 
altogether, and an example of this is also given. We remind the reader that eh,  
E , ,  and E ,  are potentials of mean force, where the contribution of the solvent 
to the interaction has been included. 
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Based on the above, the total configurational energy of the model protein is 

l n  n-2 

i - 2  2 i - 1  I j - i l z l  
E = 1 (1 - &)Eg - - c C [ 8( r i j )  - 8( rij - I)] E i j  

Wherein Sti = 1 if the ith rotational state is trans and zero otherwise. 8 is a 
Heaviside step function,41 rij is the distance between the beads under consid- 
eration, and ci, = ch  or E, depending on whether residues i and j are both 
hydrophobic or at  least one of the two is hydrophilic. Observe that the zero of 
energy in these calculations is the pure trans state of the molecule. 

In the simulations described below, we introduce into the primary sequence 
hydrophobic and hydrophilic type residues; in addition, some residues may 
have a statistical tendency to form turns. These turn regions are never 
externally constrained to adopt a native bend configuration; rather, the 
system must find such a state. A short hand notation described below is 
employed to specify the primary sequence. Let Bi(k )  specify the i th stretch in 
the primary sequence that contains k consecutive residues. The ith stretch is 
not constrained a priori to adopt any particular conformation, e.g., a P-sheet. 
It can choose whatever favorable conformation that it prefers based on free 
energy considerations. All internally odd-numbered residues (i.e., k = 1, 3, 5, 
etc.) in the i th stretch are hydrophobic. The even-numbered residues may be 
either hydrophobic, hydrophilic, or inert; the particular residue type will be 
specified as needed. There are k - 3 conformational states associated with 
each stretch of length k ,  and all the cg of these states are taken to be identical 
unless otherwise specified. Furthermore, regions that have a tendency to form 
a turn are delineated by b,; the pattern is taken to be consistent with 
formation of a tight turn. Hence bi consists of the last two beads in Bi and the 
first bead in region Bi+l. If bi is absent in the specification of the primary 
sequence, then the interaction pattern of residues k - 1 and k in sketch i and 
residue 1 in stretch i + 1 are taken to be that of B, and Bitl, respectively. 
When bi is explicitly displayed, then the energy of the three rotational states 
must be specified. In all cases c h  = cc = cW = 0, but cg need not necessarily 
equal zero. 

MONTE CARL0 ALGORITHM 

One of the important features of a simulation algorithm is the ability to 
efficiently sample configuration space for the denatured state (a relatively 
simple matter to implement) and the native conformation. The sampling of 
configurations near the native conformation is not so straightforward because 
of the large free energy barriers that exist between the lowest free energy 
conformation (the native state) and other conformations that are also deep 
(but not the deepest) free energy minima. To surmount the multiple minima 
problem, a dynamic Monte Car10 (MC) technique based on an asymmetric 
Metropolis scheme is e m p l ~ y e d . ~ ~ ? ~ ~  A MC sampling cycle is composed of the 
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Fig. 2. Schematic representation of the kinds of MC moves employed. (A) Three-bond kink 
motion. (B) Four-bond kink reorientation. (C) Four-bond wave motion. (D) Five-bond wave 
motion. (E) High-temperature end-bond reorientation. (F) Large-scale tail rotations sometimes 
employed in the low-temperature state to surmount the large free energy barriers between the 
conformations associated with the native and native-like states. 

following kinds of elementary moves, shown schematically in Fig. 2, each of 
which is attempted on a randomly chosen bead17: 

(A) Three-bond kink motion consisting of the interchange of a g' confor- 
mation for a g ' conformation (this is analogous to jumping from one half of 
the chair conformation in cyclohexane to its mirror image), see Fig. 2(A). 

(B) Four-bond kink reorientation involving g *g -+ g rg *; see Fig. 2(B). 
(C) Four-bond wave motion in which a randomly selected four-bond se- 

quence possessing the g+g- or g-g+ conformation is interchanged with a 
randomly chosen consecutive pair of bonds located elsewhere in the chain; see 
Fig. 2(C). 

(D) Five-bond wave motion involving the interchange of a conformation 
composed of five of the six bonds that form a closed cyclohexane-like ring with 
a single bond that has been clipped out from another part of the chain: see 
Fig. 2(D). 
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Fig. 2. (Continued from thepreviouspage.) 

In elementary motions C and D, the beads are renumbered so that the 
sequence of residues always remains the same. 

(E) End bond rotations involving a randomly chosen end. A t  higher tem- 
peratures where random coil like conformations dominate, as shown in Fig. 
2(E), the rotation of one or two end bonds is attempted. 

(F) As the temperature decreases and the mean length of trans states 
increases, one needs the option of invoking larger tail rotations to ensure that 
the system does not become trapped in a deep local minimum. Thus, as shown 
in Fig. 2(F), if I, denotes the guessed mean length of an end P-sheet in the 
native state, then the random rotation of an entire tail starting from a 
randomly chosen bead up to a distance I, from an end is attempted. For the 
majority of simulations, the entire set of moves A-F are incorporated into a 
given MC cycle. However, in some of the later simulations, step type F has 
been omitted without any noticeable effect on the efficiency of the algorithm. 

The set of moves described above differs from our previous  simulation^'^-'^ 
in that the reptation wherein a given bond is chopped off from one 
end of the chain and added to the other end at a random reorientation 
followed by bead renumbering, has been omitted. While highly efficient at 
sampling random coil configurations, when appreciable secondary structure 
that has been stabilized by tertiary interactions is present, the acceptance rate 
of the reptation move is very low. Thus, it is not a viable move for sampling 
native-like configurations. The introduction of four- and five-bond wave 
motions plays the role of internal reptation-like moves, and simultaneously 
allows the removal of defects between assembled elements of secondary 
structure. 

After every MC cycle consisting of three attempts at moves A-F on the 
appropriate randomly chosen chain elements, the resulting new conformation 
is accepted subject to the standard Metropolis criterion. If Eold denotes the 
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energy of the configuration prior to the sequence of modifications and En, is 
the energy of the new conformation reflecting these modifications, then the 
probability of acceptance of the modifications is 

A uniform random number generator between [0,1] is employed to generate a 
random number R .  If R < Pnew,old the conformation is accepted; otherwise 
the conformation is rejected. Using this criterion, in the limit of a long 
sequence of MC cycles, the energy tends to a Boltzmann distribution and the 
ensemble average of any quantity of interest can be obtained as the arithmetic 
mean of the quantity computed over the MC run. A discussion of the 
ergodicity of the present set of moves is contained in our earlier w ~ r k . ' ~ ? ' ~  
However, there is the additional observation that the present algorithm does 
allow, in the transition region, a fully native molecule to denature and 
vice versa. 

For each and every set of parameters, at  least three and up to eight 
independent cooling and heating sequences each composed of at least lo6 MC 
cycles per temperature were run. The systems studied were carefully equili- 
brated. Unfortunately, due to limitations in computational resources, we have 
only been able to observe between l0.and 20 N c) D transitions for a given set 
of parameters. Thus, while the N and D subpopulations are well character- 
ized, the equilibrium fraction of N vs D states are not. 

INTERPLAY OF STRUCTURAL MOTIF AND PROTEIN SIZE 

Particularly important for the general understanding of the rules of protein 
folding is the interrelationship between the number of amino acids in the 
protein and the structural motif that the protein adopts.45 In the following we 
consider a very simple m e :  Imagine an amino acid sequence having a central 
region that is neutral toward bend formation (all the cg of these residues are 
zero) and where the central region is flanked by two tails composed of 
alternating hydrophilic and hydrophobic residues. One conformation the 
molecule might adopt is a P-hair~in.~ We realize that in real P-hairpins the 
hydrophobic residues are probably still partially exposed to solvent, and as a 
consequence, P-hairpins are probably marginally stable at  best. In the transi- 
tion region, the random coil state 1 of Fig. 3 might be in equilibrium with a 
fully in register, lowest energy &hairpin (&) conformation shown in 2 of Fig. 
3. On the other hand, both of the end strands could spontaneously bend over 
and form a four-member fi-barrel (s,) as in 3 of Fig. 3. This doubles the 
number of attractive nearest neighbor interactions. However, six residues that 
have an intrinsic preference for truns ( P )  states now reside in the two 
additional tight turns. The cost of forming these two turns is fixed and is 
independent of tail size. Thus, as the length of the tails increases, eventually 
the free energy decrease due to the increased number of hydrophobic interac- 
tions accompanying 8-barrel formation will overwhelm the cost of forming the 
two extra turns, and the P-hairpin collapsed state will be replaced by the 
4-member &barrel conformation as the equilibrium state. This expectation is 
verified below where we present results on the P2 vs fi4 structures as a 
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1 3 
Fig. 3. Representative configurations of a random coil state 1 in equilibrium with the 

@-hairpin conformation 2 and a four-member @-barrel conformation 3 that a model protein of 
amino acid sequence q(2Zs)b1&(218 + 2) might adopt. 

function of the number of residues n in the model protein. We shall examine 
the nature of the conformational transition appropriate to the two structural 
motifs. 

Consider a model protein of n = 41, + 2 residues on a diamond lattice that 
has the primary sequence pattern of model A B1(21,)b~B2(21, + 2), wherein 
the conformational states associated with residues 21, - 1 to 21, + 1 are 
neutral toward bend formation. This is indicated by the superscript zero over 
bi. That is, cg  = cC = ( h  = E ,  = 0 in these locations. The above primary 
sequence when arranged in a P., conformation having two P-strands of 1, 
residues followed by two /3-strands of I ,  + 1 residues results in every hy- 
drophobic residue having as its two nearest neighbors hydrophobic residues. 

It is straightforward to demonstrate from Eq. ( 1 )  that the reduced energy of 
the P-hairpin configuration in units of tz,T with the above amino acid pattern 
is 
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and if k ,  is even, the reduced energy of the four-member P-barrel configura- 
tion, 

whereas if k ,  is odd 

In what follows, the energy will always be reported in units of k,T. 
Because this is a model of a protein confined to a lattice and since ch, zc ,  

and f ,  represent potentials of mean force, the free energy difference between 
the /?-hairpin and the four-member P-barrel conformation should be very well 
approximated by the energy difference between EN( P4) and EN( P2).  That is, 
to a first approximation we ignore any additional entropic differences between 
the hairpin and the P-barrel. 

Since a P-hairpin has only 3 residues in a gauche conformation, but a 
four-member P-barrel involves 9 residues in a gauche conformation, the 
fraction of trans states in the native (lowest energy) P-hairpin is 

while for the four-member p-barrel, 

In Table I we compile for the P-hairpin, E(P2)  and f,(P2), and for the 
four-member P-barrel E( P4) and f,( p4) as well as the location of the bends in 
the two structures for n = 22 ,26 ,30 ,34 ,38 ,42 ,  and 46, assuming c = - f g / 2 ,  
f h  = - f g / 4 ,  and c w  = 2 f g .  (Specification of c w  is not required as there are no 
hydrophilic/hydrophobic nearest neighbor pairs in the native state of the 
model system.) In the lowest energy, four-member P-barrel structure, the tight 
turns are located at  residues 1, - 1 to 1, + 1, 21, - 1 to 21, + 1, and 31, to 
31, + 2. 

By examining Table I for EN(P2) and EN(P4) ,  it follows for all n < 30, the 
dominant conformation should be the P-hairpin. At  n = 30, the P-barrel 
should be slightly favored by - 0.5cg/kBT over the hairpin conformation, and 
both motifs should be observed. Beyond n = 30, the four-member P-barrel 
should dominate. Of course, as is evident from Eqs. (3),  (4a), and (4b),  the 
range of n corresponding to the crossover from the 8-hairpin motif to the four 
member P-barrel motif depends on the particular choice of values chosen for 
c c ,  cg, and f h .  An average parameter that is sensitive to the collapse transition 
for both hairpins and P-barrels is the fraction of trans states f,. In the case of 
small 8-hairpins, the mean square radius of gyration defined by 



MC STUDIES ON PROTEIN FOLDING. 11. 1071 

TABLE I 
Compilation of Native State Conformational Properties for P-hairpins and 

Four-Member 8-Barrels" 

8-Hairpin Four-Member 8-Barrel 

Turn Turn 
n 4 EN(&) f,(&) Location EN(&) I,( &) Location 

22 

26 

30 

34 

38 

42 

46 

5 

6 

7 

8 

9 

10 

11 

-&g/kBT 

- 10.25rg/kBT 

- 12.5cg/kBT 

- 14.75rg/kBT 

- 17rg/kBT 

- 19.25rg/kBT 

- 21.5cg/kBT 

0.842 9-11 - k,/k,T 

0.870 11-13 % g / k ~ T  

0.889 13-15 - 13rK/kBT 

0.903 15-17 - 17.0Eg/k~T 

0.914 17-19 - 22~,/kBT 

0.923 19-21 - 2&,/k,T 

0.930 21-23 -3kg/kBT 

0.526 4-6 
9-11 

15-17 
0.609 5-7 

11-13 
18-20 

0.667 6-8 
13-15 
21-23 

0.710 7-9 
15-17 

0.743 8-10 
17-19 

0.769 9-11 

24-26 

27-29 

19-21 
30-32 

0.791 10-12 
21-23 
33-35 

"Calculated assuming primary sequence pattern of model A, B,(2lS)b,~(2Z, + 2), with cC = 

-Eg/2, € A  = -Eg/4, and E ,  = 2 cg. 

(where the angle brackets denote the average over the MC run), does not 
change appreciably from its values in the random coil state. Basically on 
collapse from the random coil to the 8-hairpin, one component of (S2), say 
(Sz), grows, and the other two components shrink by an amount such that 
the net change in (S2) is on the order of 30% for n = 22 and 10% for n = 26. 
However, if the collapse is to a P-barrel from the random coil state, a 
substantial change in (S') is observed. 

FORMATION OF p-HAIRPINS 

In Fig. 4(A), the fraction of trans states vs T* is plotted for n = 22 and 26 
in the curves indicated by solid squares and solid triangles, respectively. As is 
expected on the basis of Table I, the collapse is to a &hairpin for both cases. 
In Fig. 4(B), we plot the mean energy per residue vs T* for n = 22 and 26 in 
the curves indicated by the solid squares and solid triangles. As was also 
evidenced in Fig. 4(A), the transition is seen to be fairly broad and occurs at 
rather low temperature, with the transition temperature increasing slightly 
with increasing n. We next dissect the character of the conformational 
transition and focus on the n = 26 case for definiteness, but qualitatively 
identical behavior is observed for n = 22. In Fig. 4(C), we plot P12-K,13+K the 
probability that native pairs 12 - K and 13 + K are in contact vs the number 
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Fig. 4. (A) Fraction of trans states vs T* for n = 22 and 26 in the curves indicated by solid 
squares and triangles, respectively. (B) Mean energy per residue vs T' for n = 22 and 26 in the 
curves indicated by the solid squares and solid triangles, respectively. (C) For n = 26, 13+K 
the probability that native pairs 12 - K and 13 + K are in contact vs the number of residues K 
from the central turn pair, residues 12 and 13, a t  T* = 1.00 (solid squares), 0.905 (solid circles), 
0.833 (solid triangles), and 0.667 (solid diamonds) in the curves going from bottom to top. In all 
cases, the primary sequence is €4(21,)b,&(21, + 2), with 1, = 6. 



MC STUDIES ON PROTEIN FOLDING. 11. 1073 

1 .o 

0.8 

0.6 

0.2 

0.0 I I I I I 
2 4 6 8 10 

K 
Fig. 4. (Continued from thepreoiouspage.) 

of residues K from the central turn pair 12 and 13 at T* = 1.00 (solid 
squares), 0.909 (solid circles), 0.833 (solid triangles), and 0.667 (solid diamonds) 
in the curves going from bottom to top. In the n = 26 P-hairpin, proceeding 
out from the central turn, the nearest neighbor pairs are 10-15 (K = 2), 8-17 
( K  = 4), 6-19 ( K  = 6), 4-21 (K = 8), and 2-23 (K = 10). Observe that 
P12-K,13+K monotonically decreases as one goes out from the central bend. 
Therefore, it  follows that the 8-hairpin zips up from the central bond, and 
moreover, the transition is continuous. This is verified in Fig. 5(A-C), where 
we plot the mean energy as a function of “time” for T* = 1.25, 0.714, and 
0.588, respectively. Each time step represents 20,000 MC cycles. In Fig. 5(A), 
at T* = 1.25, the denatured state dominates. In Fig. 5(B), at T* = 0.714, the 
denatured state is in equilibrium with the native state (EN( P2) = - 14-35), 
and in Fig. 5(C) at T* = 0.588, the fully native 8-hairpin dominates with a 
lowest energy P-hairpin state having a value -17.425. Figure 5(B) provides 
convincing evidence that a whole manifold of partially unfolded states popu- 
late the transition region, viz., the transition is continuous. 

On the basis of Figs. 4 and 5, we conclude that the conformational transi- 
tion in a P-hairpin has a number of features in common with that of 
single-chain polypeptide helices,46 and qualitatively closely corresponds to the 
conformational transition expected for putative a-helical hairpins.47. 48 
Namely, due to loop entropy, the folded structure always possesses a rather 
tight turn and denaturation proceeds from the free ends. The free energy 
difference between the native /3-hairpin and the intermediate states are 
insufficient to suppress formation of partially unfolded states. Thus, in a very 
real sense, this is an extremely poor globular protein model. A larger loop that 
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Fig. 5. For the n = 26 system, plot of mean energy vs “time” for T* = 1.25 (A), 0.714 (B), and 
0.588 (C), respectively. Each time point corresponds to 20,000 MC cycles. 
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makes residues 10-17 or 8-15 nearest neighbors occurs with a probability of 
about 3% up to T* = 0.903. Once the P-hairpin states make an appreciable 
contribution, these larger loops occur with a probability (which decreases very 
rapidly with decreasing T*) of less than 1%. In other words, the central bend 
in the native structure is localized at  residues 11-13 (which are intrinsically 
neutral toward bend formation). 

That the collapse to a P-hairpin occurs at  rather low temperature might 
cause the /?-hairpin to be kinetically favored over the P-barrel for intermediate 
values of n, where the P-barrel should dominate the structural equilibrium. 
The origin of this expectation is as follows: Since f, of the four-member 
8-barrel is fairly small for smaller values of n (see Table I, column seven), the 
fraction of trans states in the absence of any tertiary interactions, f:, given 
by 

will be larger than the f, of the four-member P-barrel. Thus, there are local 
free energy barriers to the formation of the bends from a trans state that 
must be surmounted to go from a p-hairpin to a four-member P-barrel. This 
problem should be eliminated as n increases, because both the fraction of 
truns states in the native structure and the transition temperature should 
increase, giving f,(&) > fto in the transition region. However, since our 
objective here is to study the spontaneous crossover from the P-hairpin to the 
P-barrel motif, we must be able to surmount this local rotational minimum 
problem. 
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A particularly straightforward solution is, on the order of 1% of the MC 
cycles to randomly or systematically (it does not make any difference), to 
allow the system to make 15 attempts at  moves A-F before applying the 
Metropolis criterion of Eq. (2). This acts to suitably thermalize the system, 
and the transition from a /?-hairpin native state to a /?-barrel native state is 
observed. 

In Fig. 6, we plot the average fraction of trans states vs T* for the n = 30 
system obtained from a single cooling sequence. That is, the system starts at  
infinite temperature and is successively cooled; 2 X lo6 MC cycles are run at 
each temperature. The predominance of the /?-hairpin conformation is respon- 
sible for the maximum in the f,  vs T* observed in Fig. 6. Further cooling 
reults in the exclusive dominance of the four-member P-barrel state. In Fig. 
7A, B, we plot the mean energy vs time for T* = 0.909 and 0.833, respectively. 
Each time unit represents 20,000 MC cycles. At  T* = 0.909 [Fig. 7(A)], the 
system initially starts out as a partially folded /?-hairpin, then denatures, and 
refolds once more to the P-hairpin [ E N ( & )  = -13.751. Subsequently, it  
denatures and then refolds to a four-member p-barrel with E N  = - 14.3 in the 
flat region of the energy. The system then denatures and refolds five times to 
the /?-hairpin. (This is the origin of the five dips between the time units 
55-80.) Then it twice denatures, partially refolds to the &hairpin before 
finally denaturing and then adopting the four-member /?-barrel configuration. 
Further cooling to T* = 0.833 [Fig. 7(B)] and starting from the /?-barrel 
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conformation (EN = - 15.6) results in multiple transitions between the ran- 
dom coil state and the @-hairpin (EN = - 15.0), with the final state being a 
partially unfolded @-hairpin. (Observe that the random coil to @-barrel transi- 
tion has an all-or-none character, whereas the denatured state to P-hairpin is 
continuous.) 

We next turn to the n = 34, 38, and 42 cases of model A where the 
four-member P-barrel should dominate the low-temperature population. In 
Fig. 8, we plot f,  vs T* for n = 34, 38, and 42, in the solid squares, solid 
triangles, and solid diamonds, respectively. In all cases, the low-temperature 
native state is a four-member @-barrel, with a decreasing frequency of occur- 
rence of the P-hairpin in the transition region as n increases. In fact, for 
n = 42, no hairpins were observed. While the native turns between strands 1 
and 2 and strands 3 and 4 dominate the population, in the transition region 
nonnative turns are also observed, details of which follow. For definiteness we 
focus on the n = 42 case; similar behavior is also seen for n = 34 and 38. In 
Fig. 9(A-C), we plot the mean energy as a function of “time” at T* = 1.25, 
1.053, and 0.769, respectively. Each time unit corresponds to 20,000 MC cycles. 
A t  T* = 1.25 [Fig. 9(A)], the system is in a random coil state. At T* = 1.053 
[Fig. 9(B)], the system is seen to undergo an abrupt jump from the denatured 
to the renatured state. The energy of the pure native state at this tempera- 
ture equals - 24.7. On further cooling past the transition region to renaturing 
conditions [Fig. 9(C)], minor end fluctuations about the native state are 
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Fig. 8. Plot of the fraction of trans states f, vs T’ for n = 34,38, and 42 in the solid squares, 

triangles, and diamonds, respectively. 
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TIME 
Fig. 9. For n = 42 system, plot of the average energy vs “time” at T* = 1.25 (A), 1.053 (B), 

and 0.769 (C), respectively. Each time unit corresponds to 20,000 MC cycles. 
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observed. Thus based on Fig. 9(A-C) this conformational transition is all or 
none, a necessary feature if this class of models is to mimic globular proteins. 

We next turn to a finer, more microscopic characterization of the character 
of the conformational transition. In Fig. 10(A), we plot, at T* = 1.053, the 
probability of finding native state contacts between pairs of residues 
PI-K, I +  as a function of the distance from the turn, K ,  between strands 
1-2 with I = 10 (solid squares) and strands 2-3 with I = 20 (solid circles). In 
Fig. 10(B), we plot, at  T* = 1.053, PI-K, J + K  for strands 3-4 with I = 31 and 
J = 32 (solid triangles) and strands 1-4 with I = 12 and J = 31 (solid 
diamonds). Observe that in comparison with Fig. 4(C), the profiles are very 
flat. It appears that for this particular run strands 2 and 3 zip up first, 
followed by strands 3 and 4, and then strands 1 and 2. Assembly, however, is 
extremely rapid, and to a very good approximation the transition is all or 
none. We also note that nonnative turns comprise about 4% of the population 
a t  T* = 1.053. These involve a turn between strands 1 and 2 shifted outward 
by two residues to residues 11-13, which is about 5.1% populated, and a 
nonnative turn between strands 3 and 4 shifted outward and involving 
residues 32-34, which is about 2.6% populated. These profiles too are rather 
flat. Thus, while the transition is all or none, it is not to a unique native state. 
Observe that the population of the central native turn is always dominant, 
with less than 2% of the contacts in the vicinity of the central turn being 
nonnative. These probably reflect denatured state contributions to PI- K ,  J+ K .  

On further cooling to T* = 0.952, we find further evidence for a substantial 
population having a nonnative location of the outer two bends. In Fig. 1O(C) 
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Fig. 10. (A) At T* = 1.053, probability of finding native state contacts between pairs of 
residues, PI-x,  I + x + l ,  as a function of the distance from the turn for strands 1-2 with Z = 10 
(solid squares) and strands 2-3 with Z = 20 (solid circles). (B) At T* = 1.053, probability of 
finding native state contacts between pairs of residues PI-K,  J + K  in strands 3-4 with Z = 31 and 
J = 32 (solid triangles) and 1-4 with I = 12 and J = 31 (solid diamonds). (C) At T* = 0.952, the 
probability of finding native state contacts between pairs of residues, PI- K ,  I + + as a function 
of the distance from the turn for strand 1-2 with I = 10 (solid squares) and strands 2-3 with 
Z = 20 (solid circles). (D) At T* = 0.952 the probability of finding native state contacts between 
pairs of residues PI-K, J + K  in strands 3-4 with Z = 31 and J = 32 (solid triangles) and 1-4 with 
I = 12 and J = 31 (solid diamonds). 
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we plot the probability of native contacts I + l + K  for strands 1-2 with 

PI-., J + K  for strands 3-4 with I = 31 and J = 32 (solid triangles) and 1-4 
wlth I = 12 and J = 31 (solid diamonds) vs the distance from the turn K. 
Observe that J + K  for the contacts between strands 2-3 and between 
strands 1 and 4 is close to unity, whereas J + K  between strands 1-2 and 
3-4 is about 50%. The origin of this is made clear by examining the other 
conformations that are appreciably populated. There is also a substantial 
population involving a nonnative turn at residues 7-9, which produces con- 
tacts between residues 6 and 11 with P,,,, = 0.456, residues 4 and 13 with 
P4,13 = 0.456, and residues 2 and 15 with P2,15 = 0.446. There is also a 
nonnative turn involving residues 32-34, thereby giving contacts between 
residues 31 and 36 with p31,36 = 0.446, residues 29 and 38 with = 0.466, 
residues 27 and 40 with P2,,40 = 0.460, and residues 25 and 42 with P25.42 = 
0.424. Thus, while the probability profiles are rather flat, indicative of an 
all-or-none type of transition to a /?-barrel, this particular run provides 
unequivocal evidence that p-barrels having end strands that are two residues 
out of register as well as the fully in-register states are substantially popu- 
lated. Analysis (not shown) of the mean energy vs “time” flow chart also 
shows the equilibrium between the fully in-register and the two residue 
out-of-register outer strands. The reason that the bends between strands 1-2 
and 3-4 involve an equilibrium between the fully in-register and two residues 
out-of-register turns is due to the alternating hydrophobicfiydrophilic repeat 
pattern assumed in the primary sequence. 

Summarizing the results of this section, we have considered the nature of 
the collapse transition in a homologous series of model proteins, in which the 
central residues are intrinisically indifferent to turn formation, i.e., for these 
residues the intrinsic probability of t, g-, and g+ states are equal. The 
“ bend” neutral residues overwhelming form turns in the native state precisely 
because turn formation at  that location does not cost any free energy. Shifting 
of the turn location moves hydrophobic residues into the turn region and thus 
costs free energy. Thus, due to tertiary interactions the central native-like 
turn dominates the population of states. 

We have investigated the effect of increasing the length of the strands 
attached to the turn-neutral region. For sufficiently short polypeptides, a 
8-hairpin is formed at low temperature. Increasing the number of residues 
decreases the free energy of the native state, and thus increases the transition 
temperature. As one further increases the protein size, the predicted equilib- 
rium between the 8-hairpin and the four-member P-barrel is observed. Whereas 
the former transition from a random coil is continuous, the latter is all or 
none. The origin of the transition between the two structural motifs is as 
follows: The free energy cost of forming the additional two turns required by 
the P-barrel relative to the 8-hairpins is a constant independent of protein 
size, and equals 6cg for the particular case under consideration. On the other 
hand, the number of nearest neighbor contacts in the 8-barrel is double that 
of the 8-hairpin. Thus, as n increases, the /%barrel should and indeed does 
dominate the population. We would eventually expect six-member (and larger) 
8-barrels as n is further increased. 

I = 10 (solid squares), 2-3 with I = 20 (solid circles), and in Fig. 1O(D), 
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These studies graphically point out that knowledge of short-range interac- 
tions alone is insufficient to specify the protein tertiary structure. These 
systems have the identical primary sequence pattern yet tertiary interactions 
dictate whether the system will fold to a 8-hairpin or a 8-barrel. Tertiary 
interactions also induce the formation of the essentially immobile central 
turn. Thus, these studies are highly suggestive that if one desires to predict 
the three-dimensional tertiary conformation in real proteins, knowledge of 
short-range interactions alone is unlikely to provide sufficient information. 

While model A is highly suggestive of a globular protein, it still does not 
satisfy a major requirement. That is, the collapse is to a P-barrel whose 
central turn is always the desired native conformation, but the two turns 
between the central strand and the two exterior strands are not always native. 
The native structure does not differ by sufficient free energy from the slightly 
out-of-register conformers to ensure that it is the only state observed in the 
transition region. 

REQUIREMENTS FOR A UNIQUE FOUR-MEMBER 
p-BARREL NATIVE STATE 

Based on the above considerations, the primary sequence pattern 
B,(Z,)b~B,(Z,)b~B~Z, + 1)b:B4(Za + 1) with two additional neutral bend re- 
gions by and b: involving residues I, - 1 to 1, + 1 and 31, to 31, + 2 should 
localize the turns between strands 1-2 and 3-4 to yield a desired unique 
“native” conformation. In what follows, we consider n = 46 model proteins, 
and thus 1, = 11. The desired native turns involve residues 10-12,21-23, and 
33-35. A preliminary account of these models has been presented elsewhere.” 

In what follows, the properties of the various models are summarized in 
Table 11. We begin with the simplest possible case, model B: In the primary 
sequence of stretches B, and B3 all the residues are hydrophobic, while for B, 

TABLE I1 
Compilation of Properties of Various Models 

e d e 
Model primary Sequencea ‘Sb cc €h cw 

*Bi(k) indicates an odd/even hydrophobic/hydrophilic sequence of k residues. bi indicates 
that the two gauche states in the bonds at the junction between Bi and Bi+, are based on 
short-range interactions isoenergetic. See text for further details. by indicates that all three 
conformations (t, g+, or g-) of each residue in the putative bend region are isoenergetic. 

bThe intrinsic energy of a g+ or g- state relative to a t state. 
‘Conformational coupling parameter reflecting the enhanced stability of any pair of nearest 

dInteraction free energy between a pair of nearest neighbor hydrophobic residues. 
‘Hydrophilic/hydrophobic or hydrophilic/hydrophilic nearest neighbor pair interaction free 

‘cC for residues 36-45 is twice that in &, &, and K, and in addition, the energy of either 

neighbor nonbonded residues when both are in the trans state. See Fig. l(B). 

energy. 

gauche state equals - 2 c8 for residues 33-35 and 2c8 for residues 36-38. 
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and B4 all the odd residues are hydrophobic. For all hydrophobic-type residues 
E , = - cg/2, Eh = - cg/4, and for the hydrophilic type residues, E = 2cg. For 
the bend-type residues cg = E,  = Eh = cur = 0. Again there is no intrinsic 
preference for the bend conformation. In addition to the native turn confor- 
mation, g+g-g+, the other 26 nonnative conformers are equally likely. 

In Fig. 11(A) we plot the average of (S2) vs T* obtained from three cooling 
and three heating sequences in the solid squares and open squares, respec- 
tively. Due to the finite length of the runs, the denaturation occurs at  a 
slightly higher temperature than renaturation. While the properties of the 
native and denatured state conformations are rather well described, due to the 
finite number of transitions between the D and N states, the equilibrium 
populations are not. This is the origin of the spike seen in the heating curve. 
Substantially better characterization of the equilibrium constant is not practi- 
cal using a dynamic MC algorithm, and alternative approaches are currently 
being examined. Over the course of both heating and cooling sequences, the 
collapse from a denatured conformation to the desired unique four-member 
B-barrel structure was seen a total of 19 times. 

Just as in previous cases, the transition is all or none. This is verified in Fig. 
11(B), where we plot for a single run the mean energy vs time for T* = 1.149, 
a temperature in the transition region. Each time step represents 25,000 MC 
cycles. However, unlike the previous cases,14-16 now the conformational tran- 
sition is to the unique native state and all the desired features of globular 
protein folding are reproduced. 

In the curve denoted by the solid squares of Fig. 12, we plot the fraction of 
trans states obtained as an average over the three cooling cycles, f, vs T*. f, 
prior to collapse is 0.531 and in the native state f, = 0.786. From Table I, f, of 
the native conformation is 0.791. Once again tertiary interactions are seen to 
induce the formation of secondary structure. 

In Fig. 13, the curve denoted by the solid squares presents a plot of the 
mean energy per residue, E,, vs T*, for Model B obtained as an average over 
the three cooling cycles. For the particular set of parameters, the energy of the 
pure native state is - 36 e$k,T, which per residue corresponds to - .7826 
c,/kBT. In the vicinity of renaturation, E ,  decreases steeply before it ap- 
proaches the asymptotic value of the pure native state, indicated by the 
dashed curve. 

In Fig. 14, the curves denoted by the open circles and solid squares, 
respectively, we compare the ( S 2 )  vs T* for the system having one statistical 
turn-neutral region (model A) with the present case having three statistical 
turn neutral regions (model B). The dimensions are comparable in the dena- 
tured state, but the transition temperature in the latter case appears to be 
slightly higher than in the former and is somewhat steeper. This presumably 
reflects the lower free energy of the native state in the case of model B, where 
no energetic penalty is paid for formation of the tight turns between strands 1 
and 2 and strands 3 and 4, respectively. 

Having established the necessary conditions for the formation of the crys- 
tallographically unique four-member p-barrel, we next address those features 
that might serve to enhance the range of thermal stability of the native state. 
Two things immediately come to mind. One can enhance the local statistical 
preference for turn conformations, and one can augment the cooperativity 
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curves indicated by the solid and open squares, respectively. (B) Plot for model B of the energy vs 
“time” for a single run at T* = 1.149. Each time step represents 25,000 MC cyclm. 
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C (solid circles), and D (solid triangles). 

parameter that accounts for the stabilization of P-sheets when any nonbonded 
pair of residues are in a trans conformation. We consider the effect of each in 
turn. 

Model C has the primary sequence pattern B,(ll)b,B,(ll)b,B3(12)b,B4(12) 
of model B with the same magnitude of the hydrophobic, hydrophilic, and 
cooperative interactions. However, here the energy of any gauche conforma- 
tion is set equal to -2cg for those residues in the putative bend regions, i.e., 
for residues 10-12,21-23, and 33-35. Again, we emphasize that in addition to 
the native-like turn conformation g + g - g f  there are seven other triplets of 
gauche states that on the basis of theii short-range energetic preference are 
equally likely. What distinguishes the native g+g-g+ triplet from these 
others is that this conformation permits favorable tertiary interactions be- 
tween the strands to occur, whereas other conformations do not. 

A series of three cooling and two heating cycles for this model were run 
during which the unique four-member /3-barrel native state was obtained 17 
times from the denatured state. As in the turn-neutral case of model B, no 
non native collapsed structures were seen. In the c w e s  denoted by the closed 
circles of Figs. 12-14, we plot f,, E,, and (S ' ) ,  respectively, vs T* obtained 
from the cooling cycles. Relative to model B, the transition has shifted 
to higher temperatures. This is not surprising as the reduced energy of the 
pure native state, EN(&), now equals -53cg/kBT, whereas for model B it 
equals -36 cg/kBT. The energy per residue of the native state equals 
- 1.152 cg/kBT and is indicated as a dashed line in Fig. 13. The most striking 
difference is seen in Fig. 14. The decrease in (S ' )  for the denatured state 
relative to models A and B reflects the local preference for gauche conforma- 
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Fig. 13. Comparison of the mean energy per bond E ,  vs T* for model A (open circles), 
(solid squares), C (solid circles), and D (solid triangles). 

B 

tions of the nine bend residues. From Fig. 12, one sees that f ,  of the denatured 
state is 0.47 while f,  of the native state is 0.78. Thus in many respects, this is a 
rather faithful model of a globular protein. 

Examination of the mean energy vs "time" curve once again indicates that 
the collapse is all or none. As these curves display identical qualitative 
behavior to those already displayed here, in the interest of brevity these are 
not shown. Finally, as in model B, the transition midpoint on heating from 
the native state is shifted by about 0.03 reduced temperature units to higher 
temperature from the cooling curve. Once again, rather small hysteresis effects 
are evident, and these should be eliminated in the limit of very long runs. 

We next examine the effect of regional variations in tertiary interactions on 
the character of the p-barrel conformational transition. A particularly simple 
case is given in model D. Once again the primary sequence pattern is 
B,(11)b,B,(11)b,B,(12)b3B4(12). The stabilities of regions B,, B,, and B3 and 
b, and b, are identical to those of model C. However, the cooperativity 
parameter c c  of residues 36-45 is twice that of regions B,, B,, B3; i.e., we set E ,  

for all the residues in strand 4 equal to - E ~ .  Moreover, the statistical 
preference for forming a turn at  residues 33-35 is now no longer merely 
localized to the turn itself (region b3). In addition to setting the gauche 
energy equal to -2  c g  for residues 33-35, residues 36-38 have a strong 
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Fig. 14. Comparison of (S’) vs T* for model A (open circles), B (solid squares), C (solid 
circles), and D (solid triangles). 

intrinsic preference for trans states, with the energy of either gauche state 
now equal to 2cg. Consequently, there is a very strong statistical preference to 
form a turn even in the denatured state. Some recent elegant nmr work by 
Wright and co-workers on short linear peptides provides evidence for p-turn 
populations in the denatured state, and support the plausibility of a strong 
turn (even though, as seen above, turn-neutral states are 
sufficient to produce the desired results). 

In the curves denoted by the closed triangles in Figs. 12-14, we plot f,, E,, 
and (S2) ,  respectively, vs T* for model D obtained as an average over eight 
cooling runs. Not surprisingly, the addition of an extra sticky fourth strand 
substantially raises the transition temperature. As shown in Fig. 12, the f, 
curve at high temperature now lies above that of model C, due to the 
preference of residues 36-38 to be in the trans state. Similarly, at  high 
temperature the f ,  curve of model B lies above both models C and D as 
gauche states in the bend regions are not favored, and f, of model A lies above 
models B-D as there is only one turn neutral region, with the other two bend 
regions now favoring trans states. For model D, f, increases from about 0.46 
in the random coil state to 0.78 in the native conformation. As shown in Fig. 
14, the inclusion of an even stronger tendency for trans states adjacent to 
bend 3 further depresses the equilibrium dimensions of the random coil states. 
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cooling (solid triangles) and three heating sequences (open triangles). (B) For model D, (S2) vs T* 
obtained as an average over eight cooling (solid triangles) and three heating (open triangles) 
sequences. 

Moreover, the energy of the pure native state is - 69cg/kBT, which translates 
into - 1.5oOcg/kBT per residue. The energy of the pure native state is shown 
as a dashed line in Fig. 13. 

In Fig. 15(A), we present for model D a plot of reduced heat capacity 
divided by the square of the number of residues, C,, vs T* obtained as an 
average over eight cooling (solid triangles) and three heating sequences (open 
triangles), respectively. In this particular case, unlike those examined previ- 
ously, substantial hysteresis is seen. This is perhaps most graphically dis- 
played in Fig. 15(B), where (S2) vs T* is plotted for the cooling (solid 
triangles) and heating (open triangles) sequences, respectively. The shift in the 
transition midpoint is about 0.15 in reduced temperature units and is due to 
the fact that the native conformation resides in a very deep local free energy 
minimum. 

Until this point, we have examined models having a nonzero cooperativity 
parameter E, between nonbonded nearest neighbor trans states. Physically E ,  

is a preaveraged parameter that implicitly assumes that an odd/even hy- 
drophobic/hydrophilic pattern is present in the primary sequence. I t  allows 
for explicit conformational coupling between residues up to second nearest 
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neighbor down the chain. As a practical matter, it  was employed because we 
originally believed such cooperativity would aid in the search for the native 
state. To investigate whether c C  is necessary, model E possesses the primary 
sequence B,(ll)b,B,(ll)b,B,(12)b,B4(12) with residues 11-12, 21-23, and 
23-35 having a gauche energy - 2cg, and E, = E,, = c C  = 0. All the residues in 
B, and B, and all the odd residues in B2 and B4 are of the hydrophobic type 
with E,, = - 2eg and E, = 0, and all the even residues in B, and B4 are of the 
hydrophilic type with E, = 2cg and E, = 0. That is, we consider the identical 
pattern as in model C, but where the cooperativity parameter is turned off. 
For this particular case, the reduced energy of the native conformation equals 
- 206,. Once again collapse is to the same unique four-member P-barrel. If E,, 
is set equal to -cg this merely changes the location of the transition region, 
but leaves all the qualitative behavior the same as above. This demonstrates 
that a cooperativity parameter of the E, type is not required; rather, one need 
merely consider the identity of the interacting pair of residues. Coupled with 
the presence of statistical turn-forming regions, this is sufficient to produce an 
all-or-none transition to a unique native conformation. Finally, this is concep- 
tually satisfying in that E, might be very hard to obtain experimentally, 
whereas E,, and E,, being more local parameters, might be extractable from 
empirically measured hydrphobiticity 50 
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DISCUSSION 

In the context of a simplified model of 8-proteins, we have examined a 
number of essential features of the equilibrium globular protein folding 
transition. The particular general points addressed were as follows: (1) Is 
knowledge of the short-range interactions alone sufficient to predict the native 
state? (2) What makes the globular protein conformational transition all or 
none? (3) What are the minimum requirements for formation of a unique 
native state? (4) How important are site-specific interactions in determining 
the structure of the unique native state? The results from our simulations are 
summarized below. 

First of all, we addressed the interplay of protein size and topology, and 
considered a series of models in which the primary sequence consisted of the 
classic 8-protein pattern of alternating odd/even hydrophobic/hydrophilic 
residues plus a statistical turn-neutral region. By extending the length of the 
two hydrophobic/hydrophilic tails, a spontaneous transition from a P-hairpin 
to a four-member 8-barrel was observed to occur. All the hydrophobic and 
hydrophilic residues were taken to be identical; i.e., the magnitude of the 
interaction is the same between any pair of residues of a given type. The 
presence of residues that are intrinsically neutral to turn formation is suffi- 
cient to localize the central turn. The size of the model protein at  which the 
transition from a 8-hairpin to a 8-barrel occurs is in agreement with the 
predictions based on equating the energy of two motifs. This implies that 
knowledge of short-range interactions alone is insufficient to predict the 
tertiary structure. Both the hairpin and the @barrel have the same intrinsic 
preference for 8-sheet formation and the same down chain local set of 
interactions. What causes a transition between the two is, as expected, global 
free energy considerations. Namely, the presence of two additional turns in 
the &barrel costs a fixed amount of free energy independent of protein size; 
on the other hand, the /%barrel has double the number of favorable hydropho- 
bic contacts. Thus, as n increases, the lowest free energy structure shifts from 
the 8-hairpin to the four-member /%barrel. 

Due to the relatively small free energy difference between the native, fully 
in-register, 8-hairpin and those conformations involving partial denaturation 
of the ends, the denatured to native state conformational transition is seen to 
be continuous and has much like common with single-chain helical polypep- 
t i d e ~ . ~ ~ - -  Even though the residues in the center of the molecule are neutral 
to turn formation, all collapsed conformations have the turn involving these 
central residues. Basically, singly out-of-register hairpin conformations are 
prohibited because this would result in repulsive hydrophobic-hydrophilic 
contacts. Further shift of registration by two residues now places the hy- 
drophobic residues in the turn region and thereby raises the free energy. 
Hence out-of-register 8-hairpins are eliminated. Thus, the three residues in 
the center of the molecule, while intrinsically neutral to turn formation, will 
form the central turn of the 8-hairpin because of tertiary interactions. 

Turning now to the cases having the same primary sequence pattern but of 
sufficient length that the 8-barrel is favored, the nature of conformational 
transition is entirely different. It is no longer continuous; rather, it  is all or 
none. Basically due to loop entropy, the only substantial fraying occurs a t  the 
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ends of the chain, but because each end now has two nearest neighbors, such 
fluctuations are greatly reduced. The central turn in the native state always 
involves the bend-neutral region, but the two turns involving the exterior 
strands occur at residues that produce both in-register external strands as well 
as two-residue out-of-register external strands. Thus, while the conforma- 
tional transition is of an all-or-none character, it is not to a unique native 
state. The sought after faithful globular protein model can be simply achieved 
by introducing into the primary sequence two additional neutral turn regions. 
From the considerations outlined above, an all-or-none transition to the same 
unique lowest free energy native structure is observed. This points out that 
site-specific interactions are not required to produce a unique native confor- 
mation. 

What is required for the formation of the unique four-member &barrel is an 
odd/even hydrophobic/hydrophilic pattern plus the presence of statistical 
turn-neutral regions in the amino acid sequence. Increasing the statistical 
preference for any turn conformation and/or augmenting the hydrophobic 
interaction serves to increase the range of thermal stability of the model 
protein. Recent nmr measurements by Wright and co-workers on peptide 
fragments has found evidence of native-like p-turns in the denatured state, in 
qualitative agreement with what appears to be required In fact, the 
measured turn populations are larger than those obtained from model B, 
which indicates that a turn-neutral region is all that is necessary and suffi- 
cient to obtain a unique native state. 

The present schematic models strongly suggest that the rules of protein 
folding are in fact rather robust. Based on the folding simulations of four- 
member p-barrels reported here, as well as folding simulations on the &barrel 
Greek key top010gy~ and on the requirements for the folding of a four-helix 
bundle to be described e l s e ~ h e r e , ~ ~ ? ~ ~  these seem to be rather simple. That 
this viewpoint is reasonable is suggested by the fact that homologous series of 
proteins possess the same topology but not the same amino acid ~equence.~. l3 

This is not to indicate that there are no regions where amino acid substitution 
could have drastic effects. In fact, in the present case elimination of the 
central turn neutral region would provide a whole manifold of nonnative 
P-barrel-like structures. In this sense certain regions (e.g., essential turns) are 
sensitive to the types of amino acids located there. Overall, though, site-specific 
interactions involving minor differences in side-chain hydrophobicity and size 
are likely to result in local fine-tuning about the same basic backbone 
topology. 

In summary, we have for the first time in the present series of simulations 
identified systems that are rather close mimics of /.3-barrel globular proteins 
when viewed at low resolution. However, due to lattice restrictions, a number 
of the finer details of globular protein structure cannot be reproduced. Further 
refinements of the methodology are required, and these are currently under- 
way. However, even given all that, the topology and thermodynamics of the 
transition seen here appear to be in the same class as that of real globular 
proteins. Overall, these simple models seem to be very useful guides for 
understanding the nature of the processes involved in the globular protein 
conformational transition. 
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