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Lattice models of protein folding permitting disordered native states
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Self-avoiding lattice walks are often used as minimalist models of proteins. Typically, the
polypeptide chain is represented as a lattice walk with each amino acid residue lying on a lattice
point, and the Hamiltonian being a sum of interactions between pairs of sequentially nonadjacent
residues on adjacent points. Interactions depend on the types of the two residues, and there are
usually two or more types. A sequence is said to fold to a particular “native” conformation if the
ground state is nondegenerate, i.e., that native conformation is the unique global energy minimum
conformation. However, real proteins have some flexibility in the folded state. If this is permitted in

a lattice model, the most stably and cooperatively folding sequences have very disordered native
states unless the Hamiltonian either favors only a few specific interactions or includes a solvation
term. The result points the way toward qualitatively more realistic lattice models for protein folding.
© 2002 American Institute of Physic§DOI: 10.1063/1.1433745

INTRODUCTION interaction term usually depends only on the types of the two
residues and the fact that they are in spatial contact. Denote
Simple globular proteins are specific linear copolymersthis potential function byE(c,s), wherec is the conforma-
of 20 different amino acids that are soluble in water andtion ands is the sequence. In a realistic mod€lrepresents
under biologically appropriate conditions adopt a fairly well the free energy of a dilute solution of the protein as a func-
defined “native” conformation that depends in some compli-tion of the conformation, given the particular fixed sequence.
cated way on the sequence of amino acid residues. Séfthe lowestE is achieved for a unique conformatiofi for
quences that fold to some native state are apparently' raresome particular sequensethen that sequence is said to fold
but the process of evolution has selected at leasbithem.  to c* =c(s), in analogy to the low conformational entropy
The native or folded state is characterized by a specific nasf a real globular protein in its native state. Any other
tive conformation forming a compact globule having axial #c(s) is said to belong to the denatured macroscopic state.
ratio not much more than 2:1 and a packing density compa©ne commonly used measure of the resemblance between
rable to that seen in crystal structures of small organicany conformatiorc and the nativee(s) is the order param-
molecules’ The more hydrophobic amino acid residues tendeterQ, defined to be the fraction of native contacts seercin
to be buried and thus less exposed to solvent than the morelative to the number of contacts afs).
polar ones The native state is also stabilized by more spe- It turns out there is a significant problem with these sorts
cific interactions, such as hydrogen bonds and salt bridgesf models. By definition, the native state has zero conforma-
Varying the temperature, pressupé], ionic strength, or oth- tional entropy and a precise set of contacts by whlis
erwise the solvent composition can lead to a moderately comeasured, and these contacts are present 100% of the time in
operative transition to a denatured state characterized by ilhe native state. Real proteins, however, have significant con-
creased exposure to solvent, high conformational entropyprmational flexibility even in the native state. Often the ends
and high mean radius of gyratidrin particular, increasing of the chain or external loops cannot be resolved in x-ray
temperature leads to the denatured state over a roughly 10 “@ystal structures. Slow but large magnitude motions are
transition that can be reasonably reversible. sometimes required for ligands to approach or leave buried
Given that even small globular proteins consist of thou-binding site€ Hydrogen exchange experiments in solution
sands of atoms joined in a chain having at least hundreds afnder native conditions reveal that labile hydrogens at differ-
degrees of conformational freedom, there has been a longnt positions in the protein vary greatly in the rates at which
standing interest in simple models that would still possess &ey exchange with the solvent, which is interpreted as varia-
well defined and compact native state that makes a cooperéion in solvent accessibility. Some rapidly exchanging parts,
tive transition to an entropically more favored denaturedi.e., solvent accessible hydrogens, appear buried in the static
state with increasing temperature. A favorite model is to simpicture provided by crystallograpHly.
plify each amino acid residue to an isotropic point on some  Others have recognized the need to model the native
sort of lattice, and the polypeptide chain is then a self-state as more than a single conformati®for example, any
avoiding connected walk over the lattice, just as the reatonformation having more than a certain number of the con-
chain is connected and has excluded volume effe@igmi-  tacts seen in the conformation of globally minimal energy
cally one defines some sort of energy function that is a sunsan be included in the native stafeOr the native basin of
over pairwise interactions between residues located on adjattraction on the energy surface presumably includes all con-
cent lattice points but are not adjacent in sequence. Eadiormations having greater conformational resemblance to the
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global minimum structure than the mean resemblance at theequence, but they are independent of conformation. Assum-
thermal transition midpoint In this work we apply a similar ing a large lattice with periodic boundary conditions, there
definition to such short chains on simple lattices that all conare three equations relating the quantities

formations and all sequences may be examined to calculate

their folding thermodynamics for a wide variety of assumed A= 204 T Pt Prw T 200+ byp, 2
energy functions. Such an exhaustive approach avoids search qn,=2¢ppt+ @pp+ epw+ 2bpst byp, 3
problems over conformations and sequences, and it avoids

biasing the results toward native structures, sequences, and 9Mw=2ewwt ¢pwt Crw - 4

interaction energies chosenpriori. The price, however, is | these terms, Eq1) becomes
the limitation in chain length and number of residue types
imposed by computational feasibility. Of course our lattice
models—and even much longer chain simulations—do not
have the same quantitative values of thermodynamic param- _ . o .
eters(e.g., absolute temperatures, free energies, and entrg—Ut in terms of relative interaction energyparameters
pies of unfolding that real proteins have. The point of this xij=ei— (e +ej)/2. (6)
work is not to reproduce experimental values, but rather to )

show how relaxing the assumption of a unique native Con_Equatlon(S) becomes

formation leads to qualitative changes in the behavior of  E= ¢ oxupt ([4n5— 2bun— bupl — 2004~ @Hp) XHw
these models that is more realistic.

E:iEj ®ij €ij 5

+([4np—2bpp—bpp] = 2@pp— @up) xpwt [ (4Ny

—bpp—2byy) e+ (4np—byp—2bpp Epp
METHODS
+4nyewwl/2, (7)
A variety of dlffere_nt lattices .have been u;ed in SUChwhere the quantities in square brackets depend on sequence
StUd'E’fs' Although proteins are obviously three-dlmer13|onal, But not on conformation. Thus for the purposes of examining
two-dimensional square lattice makes the calculations €aS¥e general behavior of all sequences or the detailed behavior

the results are easy to depict, and residues can be buried BYone given sequence as a function of energy, one need only
short chains. Longer chains tend to exhibit morevary the threey parameters

cooperativity,® presumably because of more opportunity to g, given sequence of n residues there are a finite

bury hydrophobic residues. Here we also include Calcmahumber of self-avoiding lattice conformations up to transla-

“9“3 on a threg-d|men3|onal cubic lattice, bUt due to th,etion, rotation, and reflection. There will be one or more of
higher coordination number and greater restrictions on Cha'ﬂwese having the lowegground stateenergy. Choose one of
length, _there s mu_ch less opportunity for solvent ,Shieldingthem having the fewest contadtvorable or unfavorab)e
Many different choices have been made about residue typeg, o the reference microstate in the native macroscopic

all ”;fs way from a different pre for every re;idue in the giate. Any other conformation, regardless of its energy, hav-
chain™ to only two types, as in the hydrophobic/polétP) ing Q>0.5 compared to the reference is included in the na-

14 o

model:* Here the em_pha5|s IS on an HP r_nodel, but MOT&;ve state'! All other conformations belong to the denatured
types have bee_n co ns!dered.As IS custonﬁny,tgken tq be state. This cutoff forQ is probably low compared to real

a sum Over pairwise mtgracu_ons between residues in clo roteins under native conditions, but for these small lattice
contact, rather than being distance dependent over longet yais of short chains, the reference state may have only

distances. Thus there are three interaction energies in the HE .\ fewer contacts. and the low cutoff permits many se-
model, €pp, €yp, andey. In addltlon,_ we cor_13|der a S,Ol' guences to have multiple conformations in their native states.
vent exposure factor whenever a residue lattice point is adNote that some conformations in the denatured state may

jacent. to an gnoccupied lattice point. Depote the ,reSidueT]ave several contacts as long as not many of them involve
yvater |_nteract|ons bgew andeHW. For a chain oh residues the samd,j pairs seen in the reference conformation’s con-
in a fairly extended conformation, there are at most-2 tacts

solvation interactions on a square lattice. In all, Consider the equilibrium thermodynamics of thermal de-

n n naturation in this model. A given sequence is taken to fold
E(cs)= > e+ > e, w» (1) and unfold if (1) the reference native conformation has at
contactsi,j 171 exposed; least one contact?) at T=0 it is completely in the native
wheret; is the type of residue state because the lowest energy non-native conformation is
Alternatively, one can express such a contact function orstrictly above the global minimum of energy, af®) at T
a lattice in terms more familiar to polymer theory. Lgt =« it is completely denatured because there are fewer na-

=4 be the coordination number of the square lattigg,be  tive conformations than non-native ones. While there is a
the number of nonbonded adjacent lattice points occupied bgeal absolute temperatufieinvolved, the scale is arbitrarily
particle types, j e {H,P,W}, n; be the total number of lattice determined by the magnitudes of the interaction parameters.
points occupied by particles of typeandb; ; be the number Results will be presented with reference to the midpoint of
of bonded adjacent lattice points occupied by particle typeshe melting transitionT,, where the protein is 50% native
i,j. Clearly then; andb; ; depend on the chain length and HP and 50% denatured. The behavior of different sequences will
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be discussed by comparing théig’s, the higher value indi-
cating greater thermal stability. The cooperativity of the ther-
mal transition is sometimes described by its width, taken

to be the difference in temperatures between 90% native ang,
10% native, for exampl& Chan has advocated using as a
measure of cooperativity!’ the ratio of the calorimetric
AH_, over the whole transition to the van't HoffH ,,; mea-

sured at the midpoint of the transition. Unless the van't Hoff
plot is strictly linear,AH, will depend on which definition

of midpoint is used: our choice df,,, or the temperature of

the maximum heat capacity, or the halfway point in the en-
thalpy Changép In any case, it h-as been argqed that FIG. 1. A coarse scan over the three energetic degrees of freggem
>AHUH is to be expected. As will be shown in the _ReSUI,tS_XHW, andypy, showing the region marked by stars where there are ;10 HP
section, when the two values are very close, sometimes it iSequences that have a folding transition.

the other way around, so here we use
AHcal AHUH . i ;
N atio= ma{AH AR (8) eratl\_/lty, but the conceptual outcome would be 5|mllar. First
vH cal consider what range of energy parameters permits at least
Letting (X)sater denote the Boltzmann weighted mean of one HP sequence to have a folding transition. Figure 1 shows
propertyx over macroscopic statenative (nat or denatured a quick scan over the three independent parameggrs
(den or both at temperatur€, it is easy to see that Xuw., and xpw over the range-2 to +2 arbitrary energy
AH o= (E) —(E) ©) units. If xpw= xpw and xup=0, then both H and P residues
cal bothe both,0 have equal preference for solvent and no preference for
or in other words, the unweighted me&mver all native and  forming a hydrophobidor pola) core, so no sequence ex-
denatured conformations minus the global minimin  hibits a folding/unfolding transition. Otherwise, as long as H
which by definition is that of the reference native conforma-residues are hydrophobig,=>0), at least some sequences
tion. It is easy to deriveAH,y starting form the defining will fold. An alternative way to produce folding transitions is
equation to strongly favor HP associations relative to HH or PP con-
dinK AH tacts (ynp<<0) even with mild hydrophilicity of both H and
9 —_ M (100 P (xuw,xpw=<0). This last case, however, is not relevant to

d(1/T) T=T, R real proteins folding under the influence of the hydrophobic
. effect.
and the standard relations Customarily in these HP lattice models, one assumes that
AG=—-RTInK¢q (11 proteinlike behavior can be produced by an energy function
and that depends only on residue—residue contacts, @&y
=eyw=eww=_0. Permitting the native state to include more
_ than one conformation has the curious effect of favoring
Gstag= ~RTIN i E%ate exp—Ei/RT) (12 noncompact native reference conformations for the thermally
q most stable folding sequences over a wide range of the re-
to produce maining three energy parameteegp, €pp, andeyy. Only
AHvH:<E>den,'l'm_<E>nat,Tm- (13
Thus, h,,i, IS simple to calculate for these models, and it is A
close to unity when above the main native state energy level
(having low degeneragythe lowest denatured state energy ; B
level is highly degenerate. Note thia,, is independent of 0 |

scalingE by a positive constant, whered@, increases when
the scaling factor is greater than unity. While much has been

|
€HH A I

made ofAEy,;=the gap between the lowest denatured state 9 I c
energy level and the highest native state level, it has little to '
do with cooperativity in these and other statistical mechani- 3 :
cal models® |
—-4 1

2D RESULTS -
1 2 3 4
Consider chains with length=9. It is easy to enumer- eqw

ate all 740 conformations and 512 HP sequences, and it is

. . . FIG. 2. Phase diagram for square lattice models as a function of
possible to form a compact>83 conformation having an hydrophobic—hydrophobic interactioeg, and hydrophobic—solverg,, ,

interior completely shielded from solvent. L_onger chainspoding fixed epp=e,p=0 andepy=—1. See text for a discussion of the
would presumably show some sequences having better coofee regions A, B, and C.
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: — included in the energy. Supposegsp=ep=0 and epy

? =1, i.e., polar—polar and hydrophobic—polar contacts are en-
ergetically indifferent, but it is favorable to expose polar resi-

dues to solvent. Without loss of generality, we tadg,,
=0 so thatep,, and e,y are measured relative &y, . As
the two remaining energy parameters are varied, Fig. 2
shows three qualitatively different outcomes.

Case A. When the penalty for exposing hydrophobic
residues is weak, then no matter how favorable HH contacts
are, the thermally most stable sequences are those where the
native state is represented by a single HH contact at the end
of the chain, as illustrated in Fig. 3 item Al. The remainder
of the chain is free to move about, resulting in 124 confor-
mations in the native state, which is therefore so entropically
favored compared to the total of 740 conformations that even
asT—x, the equilibrium mixture is always more than 10%
native. Consequentlk T=o, even thoughh,, IS a reason-
ably cooperative 1.2 calculated Bf, (see Table)l Since the
native state is characterized by only a single contact, trivially
the Boltzmann averag®=1 for the native state, and it is 0
for the denatured state, evenlgi. In the particular case that

ol enn=0, epy=—1, andeyy=+1, the reference native has
E= -8, but there are other conformations in the native state
FIG. 3. Reference native conformations and sequence patterns corresporigaring the defining HH contact while having other PP
ing to different energy functiong in Fig. 2 and tabulated in Table I. Black and HP contacts such that the highest energy native has

squares are H residues, white squares are P residues, heavy solid lines mgk__ —6. This is the same value achieved by the lowest en-
the fixed chain path, thin solid lines indicate variable portions of the con- :

formation, and dotted lines mark the defining contacts only. ergy denatured conformations that have no contacts and bal-
ance unfavorable solvation of the three H residues against
favorable solvation of the six P residues. Consequently, we
with eyp<eny, €pp<0 do sequences like that in Fig. 3 B3 have an example where the sequence with the most thermally
fold to such compact 83 conformations and have higher stable native state and fairly cooperative unfolding has
Tm than other sequences. Sequences that fold rather coopet®E ,,= 0. This peculiar behavior is seen over a wide range
tively (h,.i0~1.4) to compact native reference structures carof interaction parameters, particularly when there is no sol-
be found wheney,=epp<0. Yet these are hardly realistic vation energy for H or P, or whenever the solvation penalty
choices of energy parameters where hydrophobic—polar corfer H residues is weak, regardless of how favorable HH con-
tacts are favored over hydrophobic—hydrophobic ones, otacts are.
where HH and PP contacts are equally favorable. A more Extremely cooperative folding h(,;,=1.002) can be
appropriate choice would beyp, epp=0 andeyy<0, but  achieved at much lowef,, for sequences having a native
then the thermally most stable folding sequences have nativiate characterized by a single local contact in the middle of
states with multiple conformations sharing a terminal hairpinthe chain, Fig. 3 case A2, for example, wheg,=0, epy
loop, as in Fig. 3 Al. =—1, andeyyw= +1. Then there are a very few denatured
Consider a more realistic model for the hydrophobic ef-conformations having loweE than the few highest energy
fect on protein folding where explicit solvation terms are native conformations, resulting iAEg,,=—2. Clearly a

TABLE I. Thermodynamic characteristics of the sequences that are the most stable, most cooperative, and
highest number of contacts for variolsfunctions.

E No. Reference
clas$ T Pratio contacts AEg, (Qnats T (Q)genr,, native®
A 691 1.228 1 0 1 0 Al
443 1.002 1 -2 1 0 A2
320 1.584 3 -2 0.939 0.130 A3, A3a
B 1076 1.969 3 —4 0.739 0.261 B1
599 1.416 3 -4 0.766 0.196 B2
243 2.694 4 0 0.972 0.303 B3
C 1357 1.745 3 -1 0.736 0.236 C1l
982 1.436 3 -4 0.769 0.143 Cc2
242 2.694 4 0 0.972 0.303 C3
aSee Fig. 2.

bSee Fig. 3.
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large (positive) energy gap is required neither for thermal
stability nor for cooperativity in these models that permit
multiple conformations in the native state.

Those native sequences having the most contacts defin
ing their native states in the A region of energy parameters
do form passably compact native conformations, such as A3,
but at half theT,, of the most stable sequences and 50%
greaterh,4i, than the most cooperative sequen¢Esble ).
Obviously in this model, favorable HH contacts alone are
insufficient to produce proteinlike, compact, low entropy na-
tive states that unfold cooperatively. Figure 3 shows one of
the nine alternative native conformations, A3a, that has 2/3
of the reference native conformation’s contacts as well as
one extra non-native contact. This is just an illustration of the
conformational flexibility permitted by the assumptions of
the model, even when the reference conformation has thres
contacts and only nine residues.

Case B. Much more realistic behavior can be achieved
even with weak HH interactions as long as the penalty folr g, 4. Reference native conformations and sequence patterns depicted as
solvent exposure of H residues is greater than the reward fa Fig. 3. (a) The most cooperatively folding native with no solvation and
solvation of P residues. For example, whep,=0 and favgrable HP contactsb) The most cooperatively folding native for 12
ey~ +2, the thermally most stable Sequence folds with theESOues b 1 e~ L oew” £2 and al s porametend
complete burial of one H residue and three contacts, as iBnergy parameteréd) The 15 residue natives having the most contacts,
structure B1. Although there are 36 conformations in thegiven the same energy parameters.
native state, this is not nearly the entropic stabilization of
case A, and even &t,,, 43% of the native state consists of

only four of those 36. However, the unfolding transition is (b), (c), and(d) with favorable(a)—(b) and (c)—(d) contacts
not as COOperative as for examples Al, AZ, or A3. The mOSbroduceS no more Cooperati\/e|y fo|d|ng sequences.
cooperatively folding sequences, B2, have only 16 structures  The outcome is not substantially changed for somewhat
in the native state but less complete burial of H residuesjonger chains. For 12 residue HP chains in regioreGy
Structure B3 is the intuitively preferable case for compact-= -1, en,=—1, ew=+2, and all other parameter9),
ness, since it has the maximum number of contacts, only twehe most cooperatively folding sequence has the defining na-
native conformations, and deep burial of H residues. Yet itive structure shown in Fig.(8) and h,,=1.56. The most
has a substantially loweF,, and higherh,yo. stable sequence has twice tiig and h,.;,=2.26, but still

Case C. When there is simultaneously a substantial pemot the expected compactx® native structure. This ideally
alty for solvation of H residues and a reward for HH con-compact native is achieved by some sequences that are sub-
tacts, the most stable fold is generally Fig. 3 structure Clstantially less thermally stable and very uncooperative. For a
The most cooperative folding is seen with sequences havings residue HP chain under the same energy parameters, the
reference native states like C2 or a few other possibilitiesmost cooperatively folding sequence out of the 32768 pos-
and the native state with the most contacts remains C3, stilible sequences has the moderately compact defining native
with a low T, and highh,,;,. Compared to case B, a more structure seen in Fig.(d) andh,,,=1.74. Two of the three
favorableeyy does not make a qualitative difference in the hydrophobic residues are completely buried while allowing
folding of all HP sequences, although there are quantitativé38 conformations to fall in the native state, out of 296 806
variations in stability and cooperativity, and variations in ex-total conformations, although only 81 of these 538 account
actly which conformations are the most interesting nativefor most of the statistical weight &t,,. A more compactly
reference states. If one chooses the definition of native stafelded sequence having seven contacts in its defining native
used in this work, then one must adopt a potential functiorconformation[Fig. 4(d)] and 322 native conformations folds
having a solvation component in order to achieve even modiess cooperatively witlh, ;= 2.05.
estly realistic folding. A residue—residue contact function  Residual structure. The denatured state of real proteins,
alone is apparently insufficient. even far from the midpoint of the folding transition, often

It is possible to produce compack3 native conforma- shows substantial residual structure, typically consisting of
tions without solvation but more specific sorts of interac-measurable levels of some features that are seen in the
tions. For example, suppose HP contacts are favorable whileative® One might be concerned that the present model per-
all other contacts are very unfavorable. This would be amits so much conformational variation in the native state that
simple model of a chain of hydrogen bond donors and acthe denatured state would have almost no residual native
ceptors in a polar solvent that formed no hydrogen bondsstructure. Yet Table | shows that for cases B and C, the Boltz-
Then the most cooperatively folding sequence hag, of  mann average® in the denatured state @f, is 14—26 % for
only 12.3, but the native reference conformation is maxi-the most stable and cooperative sequences. This is another
mally compac{Fig. 4@ ]. Permitting four residue type®), realistic feature in favor of the model.
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having highesfl,, fold to a maximally compact 22 conformation for i ’ AE
eight residues. As a visual aid, lines connect stars having the same value 0 &
XHp- FIG. 7. Correlation betweeAEg,, and h;, for the same sequences as in
Fig. 6.
3D RESULTS

. . . . . . _ ticular correlation betweedEgy,, and T,. In other words,
FoIdTg vs interaction energies. Consider chains _W'thhaving a greater energy gap between the native conforma-
lengthn=8. It is easy to enumerate all 1832 conformationsyjons and the denatured conformations does not increase the

and 256 HP Sequences, a'?d It 1S possible to form a Compaﬂjiermal stability of the native state in these models. Note that
2Xx2X2 conformation having five contacts but no res'duenegative values OAE,,, are possible here, because the en-

completely shielded from solvent. As in the two—dlmensmnalergy ranges of the native and denatured sets of conforma-

case, the values of the three independent param@i@sS  tions can overlap, even though the native state includes the
Xrw, andxpy that permit at least one HP sequence 10 have,,nformation having the globally minimal energy. Likewise,

a folding transition are essentially those shown in Fig. l'Fig. 7 shows there is no special correlation betwed
Compact native reference conformations for the most stably the folding cooperativity as measuredHy,. In facat‘?
folding sequences are seen whegp is particularly favor- e st cooperatively folding sequences generally have ref-
able, analogous to stabilization of a compact but solvent €xa e native conformations with only one or two contacts at

posed peptide conformation that is stabilized by particulat,e eng of the chain, as seen before on the square lattice. The

interactions between pairs of dissimilar groups, as in Salbreatest cooperatively seen for sequences having compact
bridges or hydrogen bonds. The other way that compact Nggference native conformations fis,q,=1.58. Thermal un-

tive conformations are achieved is when all three parameterf%mmg is generally a rather broad transition in this sampling

are unfavorable, meaning that HH and PP contacts are g saquences and interaction energies, but Fig. 8 shows a

vored. This is ;,urrlmanzed in FlghS.. hiohess | positive correlation betweeln,,;, andAT/T,,. The scatter at
Consider then==8 sequences having highds, lowest |, a1yes ofh, ., is due to sometimes very broadT.

h,ai0, OF Most contacts in the reference native structure, Attempting to model the hydrophobic effect by setting

given the above sampling of interaction energies, namel\éppz eup=0 andepy=—1, as in Fig. 2 for the square lat-

—2<xpp, Xuw. Xpw=2. Figure 6 shows there is no par- tice, results in similar, flat reference native conformations
even on the cubic lattice. For each choiceeqf, and ey,

600 the sequence with highe&t,, folds to just one of three
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FIG. 6. Correlation betweeAEg,, and T, for the n=8 sequences having
highestT,, lowesth,,,, or most contacts in the reference native structure, FIG. 8. Correlation betweeAT/T,, andh,,;, for the same sequences as in
given —2<xup, Xuw: Xpw<2. Fig. 6.
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FIG. 9. Phase diagram for cubic lattice models as a function of

hydrophobic—hydrophobic interactioeg, and hydrophobic—solvergy , . . . . .
holding fixedepp=e€p=0 andep,,= —1. Thermally most stable sequences taCtS_’ _at all. This is clearly a_S|tu_at|0n involving Omy t_WO
and their native conformations are drawn as in Fig. 3. significant states, and the folding is rather cooperative, judg-

ing by the low value oh,4,=1.107. However, this result is
obtained due t&H,;=10.19 andAH_,=9.21, which come

choices of native conformation, even wheg, is very fa-  from Egs.(9) and(13), whereT,,=2796 K, taking the ener-
vorable, as shown in Fig. 9. In particular, the flexible ex-gies to have units of kcal/mol. Figure 11 shows the enthalpy
tended native having a terminal hairpin loop is seen whermf the system as a function of temperature n€ar. The
exw IS only mildly unfavorable. slope is monotonically decreasing, so there is no maximum

Examining substantially longer chains on the cubic lat-of C, near the midpoint. Note that the halfway point in calo-
tice will have to rely on Monte Carlo sampling techniques. rimetric AH is also clearly different fronT .
For n=9 there are 8453 conformations and 512 HP se-  |Lest one should conclude that these models show none
quences; fon=10 there are 39 640 conformations and 1024of the usual signs of cooperative unfolding, consider the se-
sequences. In the=10 case, a scan gfip, Xnw, andxpw  quence HHHHPHHP wheey,=—1 and all other interac-
reveals no qualitative difference in the sorts of native contion parameters are zero. For these short chains, the thermal
formations and degree of cooperativity of folding comparedunfolding transition has a relatively narroT =223 com-
to n=8. There are still many choices of energy parametergared to itsT,,= 154, yet theh,,;,=2.46 is not particularly
whereby the thermally most stable sequences fold to refefow. Figure 12 shows that the heat capacity of the system
ence native conformations having only one or two contactspeaks neafl,,. The reference native conformation is maxi-
so that the native state is stabilized in large part by entropymally compact, forming three HP contacts, for a unique

AH vs cooperativity. Occasionally we obserdH,;;  ground stateE=—3. Yet there is substantial overlap in the
>AHq, particularly when the values are close, although itenergy distributions of the native and denatured states,
has been argued that this situation is unliKélA particu- namely 1, 11, and 3 native conformationsEat — 3, —2, and
larly clear case of this occurs whem=38, eyy=—8, eyp —1, respectively, compared to 23, 305, and 1489 denatured

=epp=0, eyw=+1, and epy=—1. Then the sequence conformations aE=—2, —1, and 0, respectively.
PPPPHHPH folds to a native state characterized by a single

contact at the end of the chain, but it also includes fully
compact conformations. As shown in Table(Hig. 10 the 62
native conformations are clearly separated by a substantia s
energy gap from the highly degenerate lowest denatured en s
ergy level, which are filled by conformations having no con-

56

54

TABLE Il. Energy levels for an example havingH,;>AH,. 52
- AH
E Degeneracy Conformatién 3
Denatured -4 47 o
levels -6 390 4.6
-8 1144 denlow a4
Native —-14 2 nat high :
levels -16 40 3200 2400 2600 2800 3000 3200 3400
-18 209 nat low T

aSee Fig. 10. FIG. 11. AH, as a function ofT for the case described in Table II.
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0.014 flexibility in the native state. Globular native conformations
are not the rule, and over a substantial range of energy func-
tions, the favored native states for the most thermally stable
and cooperatively folding sequences are high entropy en-
sembles of conformations having little consistent structure.

0.012
0.01
0.008

Cp
0.006
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