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ABSTRACT: W e  propose a model for the conformations of compact denatured states of globular proteins: 
that they are  broad ensembles of chain backbone conformations that  involve common localized hydrophobic 
clustering and helical contacts, depending on the amino acid sequence. W e  construct representative ensembles 
for chain lengths up  to  136 monomers on three-dimensional cubic lattices using the “hydrophobic zippers” 
method (Fiebig & Dill, 1993). W e  find that  model conformations with radii of gyration about 20% larger 
than native conformations commonly have bimodal distributions of P(r ) ,  of the pairwise interatomic distances, 
r ,  and Kratky plots in agreement with recent small-angle X-ray scattering (Sosnick & Trewhella, 1992; 
Flanagan et al., 1992; Kataoka et al., 1993; Flanagan et al., 1993) experiments on three different proteins. 
We  also find that  the lattice model of the Shortle 1-136 fragment of staphylococcal nuclease does not appear 
capable of forming a single hydrophobic core by hydrophobic zippering, consistent with experiments. 

What are the compact denatured conformations of globular 
proteins? Although compact denatured states have extensive 
conformational diversity, several properties are well-known 
(Ptitsyn, 1991;Ptitsyn & Semisotnov, 1991; Kuwajima, 1989; 
Dill & Shortle, 199 1). They are up to 10-20% larger in radius 
than native molecules. They have secondary structure, often 
native-like (Baum et al., 1989; Roder & Wiithrich, 1986), 
but little native-like tertiary structure (Jeng et al., 1990). 
And they bind the fluorescent probe ANS (Ptitsyn, 1991), 
which is considered to indicate some hydrophobic clustering. 
Hydrogen-exchange N M R  experiments show that some 
protons are partly protected from solvent (Baum et al., 1989; 
Hughson et al., 1990). 

Recent small-angle X-ray scattering (SAXS) experiments 
(Sosnick & Trewhella, 1992; Flanagan et al., 1992; Flanagan 
et al., 1993) show an additional property of compact denatured 
states, namely a bimodal distribution P ( r )  of the pairwise 
distances r between atoms. This behavior is observed in the 
Shortle 1-136 fragment (Shortle & Meeker, 1989) of 
staphylococcal nuclease and thermally denatured ribonuclease 
A (see Figure 1). Since unimodal P ( r )  curves are charac- 
teristic of both native (Sosnick & Trewhella, 1992; Flanagan 
et al., 1992) and unfolded states (Sosnick & Trewhella, 1992) 
(generally obtained in strong denaturants), the SAXS data 
provide important new evidence bearing on how these compact 
denatured states differ from native and unfolded states. In 
particular, a P ( r )  distribution with a bimodal or shoulder-like 
shape indicates some clustering of amino acids. 

What chain conformations could lead to these properties? 
One model, referred to as the “molten globule” model (Ptitsyn 
& Semisotnov, 1991; Shakhnovich & Finkelstein, 1989; 
Karplus & Shakhnovich, 1992), proposes that the chain 
backbone has the conformation of the native protein and that 
the disorder in the compact denatured state arises only within 
the side chains. Here we use the term “molten globule” to 
refer specifically to that model, although other authors use 
the term molten globule more broadly. But it seems unlikely 
that the molten globule model could account for bimodal S A X S  
P ( r )  curves, because that model does not appear to involve 
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sufficiently large perturbations from the native structure to 
be consistent with the clustering of scattering centers. 

We develop here a different model of highly compact 
denatured states. We propose that highly compact denatured 
states are broad ensembles of different backbone conforma- 
tions, with considerable hydrophobic clustering. Based on 
this same idea, an earlier mean-field model was used to predict 
aspectsof the salt/pH phasediagramof apomyoglobin (Stigter 
et al., 1991; Alonso et al., 1991), in reasonable agreement 
with the experiments of Goto and Fink (1990). In the present 
work, we generate compact chain conformations for sequences 
of amino acid modeled as hydrophobic (H) and polar (P) 
monomers (Lau & Dill, 1989, 1990; Chan & Dill, 1991) on 
the three-dimensional cubic lattice, using the hydrophobic 
zippers method (Fiebig & Dill, 1993; Dill et al., 1993). We 
find this model to be consistent with properties of the compact 
denatured states, including the SAXS clustering data. 

THE MODEL 

We model proteins as specific sequences of H and P 
monomers (Lau & Dill, 1989; Chan & Dill, 1991; Shortle et 
al., 1992) on the three-dimensional simple cubic lattice. Each 
chain configuration is a self-avoiding walk on the lattice. Each 
amino acid can only occupy one lattice site, and no two amino 
acids may reside on the same lattice site. To represent 
sequences of the proteins modeled here-crambin, cytochrome 
c (apo form), ribonuclease A (with no disulfides), and the 
staphylococcal nuclease 1-1 36 fragments (Shortle & Meeker, 
1989)-we define “H” (hydrophobic) amino acids to be Ala, 
Ile, Leu, Met, Phe, Trp, Tyr, Val, and Cys and “P” (polar) 
residues as all others. The resulting H P  sequences are shown 
in Table 1. Our aim here is not to attempt microscopically 
accurate predictions of the structures of these proteins. The 
lattice model is too crude to represent bond angles and 
interactions realistically and too approximate to represent 
native structures adequately. Rather, our aim in comparing 
these sequences is to learn how the P ( r )  behavior depends on 
the monomer sequence, the compactness, and the extent of 
hydrophobic clustering. 

Conformations are constructed by the “hydrophobic zippers” 
strategy (Fiebig & Dill, 1993; Dill et al., 1993), a confor- 
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FIGURE 1: Bimodal P(r) curves observed for ribonuclease A (panel A, from Figure 3 of Sosnick & Trewhella (1992)) and the 1-136 fragment 
of staphylococcal nuclease (panel B, Figure 4 of Flanagan et al. (1992)). The ribonuclease A data was measured under reducing conditions 
at temperatures 45 OC (A), 51 OC (O), and 57 OC (X). P(r) curves for the nuclease fragment (panel B) were obtained in the presence (A) 
and absence (0) of Ca2+ and inhibitor pdTp (3/,5'-biphospho-2'-deoxythymidine). 

Table 1: HP Sequences of the Four Model Proteins 

Crambin, lcm (46 Residues): 
PPHHHPHHHPPPHPHHPHHPPHPHHHHPWPHHHHHPHPHH 

Cytochrome c (apo form), 3cyt (103 Residues): 
P P H H P P P P P H H W H H P H P P H P P P P P P P W P P H H P H H P P P P P P -  
mHI"PPPPm"-m 

Ribonuclease A, 7rsa (124 Residues): 
P F T H H H P m H H H P H P m .  
P P P H H H P P P P P P H H P P H P P H H P P P ~ H -  
PHPHPH 

1-136 Staphylococcal nuclease fragment, 251s (1-136): 
W P W P H P P P P W H H P H W P P P H P H P P P H P -  
H W P P H W P H P P H P H P W P P P P P P P H W P H H H H H H P W H H P P H H H .  
PPPPPPPPWWPHPHPPPP 

mational construction procedure that generates diverse 
conformations of any specified number of HH contacts, up 
to the maximum or near-maximum number. It has been 
proposed that hydrophobic zippers may describe the folding 
pathways of globular proteins (Dill et al., 1993). The 
hydrophobic zippers strategy is an algorithm that sequentially 
assembles hydrophobic contacts, leading to a compact chain 
conformation with one or several hydrophobic cores. The 
algorithm leads to an ensemble of different conformations of 
different numbers of hydrophobic contacts. A few of these 
conformations have maximal or near maximal numbers of 
hydrophobic contacts and a single compact hydrophobic core. 
These are native or near-native conformations of the model 
sequence. However, the greater preponderance of conforma- 
tions have fewer contacts than this. The zippers process 
terminates a t  "end states", most of which are  trapped 
configurations which are unable to find additional viable 
hydrophobic contacts. At this point, the chain has reached 
an "entropy catastrophe", since the finding of an additional 
HH contact is either impossible or it involves an extensive 
conformational search. Alternately the hydrophobic zippers 
process can be terminated a t  a given number h of HH contacts 
to yield intermediate conformations. For model crambin, 
which is short, we use zippers to generate conformations over 
the full range of compactness, and for larger model proteins 
(ribonuclease A, cytochrome c, staphylococcal nuclease 1-1 36 
fragment), zippers lead to end states that have many of the 
properties of compact denatured states. 

To generate representative ensembles of conformations with 
the hydrophobic zippers procedure we proceed via two steps. 
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FIGURE 2: Radii of gyration of hydrophobic zipper intermediate and 
endstate conformations: percent expansion relative to the native 
structure from PDB C, coordinates vs number of HH contacts for 
crambin (lcrn), cytochrome c (3cyt), ribonuclease A (7rsa), and the 
1-1 36 fragment of staphylococcal nuclease (2sns). For cytochrome 
c and ribonuclease A the compact states reached by hydrophobic 
zippers are about 1620% larger than native. For the staphylococcal 
nuclease fragment, R,is larger. In each panel the data at the largest 
h is obtained from an ensemble of conformations which are 
predominantly hydrophobic zipper end states. Ensembles with larger 
h values were not generated due to their prohibitive computational 
cost. All other data points are derived from hydrophobic zipper 
intermediate conformations. Each point on the figure represents an 
average over 400 conformations constructed from 20 contact maps 
(20 conformations from each contact map). Error bars indicate one 
standard deviation. 
First a contact map (matrix of HH contacts) is generated 
with the hydrophobic zippers procedure (Fiebig & Dill, 1993), 
one contact a t  a time. The procedure chooses contacts 
randomly among those that are "T-local" a t  the given stage 
of partial construction (Fiebig & Dill, 1993). A "T-local" 
contact is defined by a graph-theoretic procedure (Fiebig & 
Dill, 1993; Dill et al., 1993), but physically it approximately 
corresponds to any contact whose formation causes the least 
loss of conformational entropy relative to the already partially 
constructed structure. We set in advance a target h value. 



6160 Biochemistry, Vol. 33, No. 20, 1994 

0.8 - 

0.6 - 

0 0.4 - 

- 0.2 - 

0.0 - 

? 

* 
N 

E 

Lattman et al. 

‘9 
Q 
7 

x 
h L v 

a 

20 

15 

10 

5 

0 

1 5 10 15 20 25 30 35 40 45 
I Cluster I 

0 10 20 30 40 50 
r, A 

20 

15 ‘9 15 

h * 10 

5 

0 

0 
‘9 
0 

7 

L v 

: 10 
h L v 

a a 
5 

n V I  I 

I 
20 

0 10 20 30 40 50 0 10 20 30 40 50 
r, A r ,  A 

FIGURE 4: Representative P ( r )  curves of model crambin (lcrn) conformations with h = 10 and h = 18 HH contacts; h = 32 is shown in Figure 
3. 

HH contacts are then sequentially assembled until either h 
HH contacts have been formed, or until it is no longer possible 
for the algorithm to find additional HH contacts. In the latter 
case the resulting contact map is discarded. Thus an ensemble 
of contact maps is generated where each contact map has the 
given number, h, of HH contacts. Some conformations are 
end states (if the algorithm could not have proceeded further), 
and some are not. Finding conformations becomes compu- 
tationally difficult a t  large h, and a large fraction of such 
conformations are end states. 

The second step involves using the contact maps generated 
in step 1 to construct conformations on the lattice. For each 
contact map we construct an  ensemble of about 20 conforma- 
tions which satisfy all contact constraints of the given contact 
map. The algorithm used is a standard “backtracking” 

algorithm (Reingold et al., 1977) which was modified to (a) 
include HH contact constraints and (b) ensure that successively 
generated conformations are not correlated. The procedure 
checks contact constraints whenever a monomer is placed on 
the lattice. If placement violates any contact constraints, then 
the algorithm must backtrack. The lack of correlation between 
generated conformations was verified by a conformational 
distance measure described below. 

CALCULATION OF P(r) CURVES 

From the conformations assembled in this way, we then 
compute the distributions of P ( r ) ,  the probabilities that amino 
acid centers are separated by a distance r ,  using the relation 
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FIGURE 5: Examples of model crambin conformations (A) that give rise to bimodal P(r) curves (C). The corresponding polymer graphs and 
Kratky plots are shown in B and D, respectively, conformation 1 (O), 2 (A), 3 (X). 

P(r)  = 'JQmz(Q)Qr sin(Qr) d~ (1) 2T2 O 

Z(Q)  is the diffracted intensity at  a distance 277/Q from the 
origin of reciprocal space. The scattering vector Q is equal 
to 477 sin(B)/X, where B is the Bragg angle and X is the 
wavelength of the radiation. The integral was evaluated as 
a discrete sine transform using a fast Fourier transform 
program. Integration was carried out to a maximum scattering 
vector Qm of 77/2 A-'. Z(Q)  is calculated from thecoordinates 
of the lattice model using the program CALCROT (Lattman, 
1989), in which the intensity is expanded in spherical 
harmonics. In order to establish a reasonable unit of distance, 

necessary for comparison with the SAXS experiments, we set 
the spacing between lattice sites to be 5 A. This spacing gives 
approximately the correct volume of the compact chain 
compared to the X-ray crystal structure. The value of this 
quantity is not critical. We used a scattering factor of the 
form 

f(Q) = 1 +cos  * , 0 I Q I Qmax (2) ( Qmax ) 
for all lattice monomers, where Qmx is the largest scattering 
vector in reciprocal space for which Z(Q)  is being evaluated. 
This representation off(Q) smoothly approaches zero at  emax,  
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conformations have a radius of gyration about equal to that 
of the X-ray structure. Because this lattice spacing is 
approximate, the radii of the model chains are only ap- 
proximate. 

( 2 )  Bimodal P ( r )  Curves. We find that over a narrow range 
of intermediate chain compactness, P ( r )  curves of individual 
conformations commonly show the same bimodal behavior as 
is observed in the SAXS experiments. For our crambin-like 
sequence, the maximum number of HH contacts we found 
was h = 32. For all the conformations with 32 HH contacts, 
the P ( r )  curves resemble those of the native protein SAXS 
data insofar as they are very similar to each other, are all 
unimodal, and their radii of gyration range only from 10 to 
12 A, which is the native-like radius for the lattice model of 
this protein (see Figure 3). For the looser hydrophobic zipper 
intermediate conformations, with h = 20 HH contacts, the 
P ( r )  curves were usually broader. Some curves were bimodal. 
For conformations with h = 18 HH contacts, about half of 
the P ( r )  curves were bimodal, having either a pronounced 
shoulder or two peaks. These may therefore be representative 
of the compact denatured states studied in the SAXS 
experiments. For conformations even less constrained, h = 
10 HH contacts, the P(r )  curves vary widely, and few give 
bimodal curves that resemble the experimental data. Our 
open conformations look about as disordered as those of the 
model of Calmettes et al. (1993) of phosphoglycerate kinase 
in strong denaturants. Thus bimodal distributions are not 
observed if a lattice chain conformation is too compact or too 
open, but only if it falls within a narrow range (for crambin 
h = 16-20) of intermediate compactness. Representative P ( r )  
curves for h = 10 and h = 18 HH contacts are shown in Figure 
4. 

The prediction of bimodal behavior is not proof that the 
model is correct, but is only an  indication that it is consistent 
with experiments. The scattering function cannot be directly 
inverted to give a unique model. Other models can also fit 
the data. For example, we found that the data are also 
consistent with (i) a simple dumbbell model of two nonover- 
lapping spheres or (ii) a model based on scattering centers 
located a t  the vertices of a regular triangle or tetrahedron. 

What  other configurational properties predict whether a 
P ( r )  distribution will be bimodal or unimodal? We  tested 
several conformational properties and found no predictive 
power from the radius of gyration, principal axes of rotation, 
or moments of inertia. We  also calculated matrices of distances 
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FIGURE 6: Model staphylococcal nuclease fragment (1-1 36): 
Averages ( ) of P ( r )  are over 80 different conformations with a given 
h = 48 (O), 40 (+), 32 (A), 24 (X),  16 (0). 

which eliminates artifactual ripples in P ( r ) .  Principal axis 
directions and the moments of inertia about them were 
calculated as described by Goldstein (1980). 

RESULTS 

The following properties indicate that for model ribonuclease 
A, cytochrome c,  and the staphylococcal nuclease 1-136 
fragment, the predominant end states of hydrophobic zipper 
processes resemble compact denatured states. For the small 
protein crambin we study the full range of compactness. 

(1) Radii Slightly Larger than Native. We find that the 
predominant end states of hydrophobic zippers have radii of 
gyration, R,, only slightly greater (about 10-20%) than the 
maximally compact states (see Figure 2). The only exception 
was our simulation of the staphylococcal nuclease 1-136 
fragment, for which the end state radii were about 50% larger 
than the maximally compact state. In contrast, as seen in 
Figure 3, model crambin can reach very compact conforma- 
tions ( h  = 32). Radii of gyration of the PDB structures were 
calculated using the C, coordinates. Radii of model confor- 
mations were calculated assuming a lattice spacing of 5 A, 
such that the most compact model crambin ( h  = 32) 
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FIGURE 7 :  Cytochrome c, three states: (A) model and (B) experiments shown in Figure 1 of Kataoka et al. (1993). Kratky plots of the unfolded 
state ( h  = 2 (O)), the compact denatured state ( h  = 26 (A)), and a near native state ( h  = 38 (0)) of model cytochrome ca re  averaged over 
different conformations of given h. Experimental (B) curves: native state (curve l ) ,  NaCI-induced (curve 2) and acetylation-induced (curve 
3) compact denatured states, acid-unfolded state (curve 4) .  
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FIGURE 8: Polymer graphs of model conformations of the Shortle staphylococcal nuclease 1-136 fragment ( h  = 48). The conformations are 
different, but the hydrophobic clustering and the local contacts are quite similar. 
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model Kratky curves are slightly shifted toward larger Q when 
compared to the experimental maxima. This is probably due 
to our use of an approximate lattice spacing. In the Q > 0.2 
region the h = 38 ( 0 )  and h = 26 (A) model cytochrome c 
conformations give SAXS Kratky curves in good agreement 
with the experiments on the native (curve 1) and compact 
denatured states (curves 2 and 3). However the model 
unfolded state ( h  = 2 (0))  shows a decrease in (Z(Q))Q2 with 
respect to Q whereas the experimental data of the acid unfolded 
state increases (curve 4). This discrepancy is most likely due 
to the model’s limited resolution. Small spatial shapes, such 
as the roughness of the protein surface a t  atomic resolution, 
contribute to (Z(Q))Q2 a t  large Q, but are not represented by 
the low-resolution lattice model. Thus the model will 
underestimate (Z(Q))Q2 at  large Q. 

(3)  Structural Similarities among the Compact States of 
a Giuen Sequence. Even though each hydrophobic zipper is 
generated by random decisions, a given amino acid sequence 
zips to end states that often have certain properties in common. 
Figure 5 shows three different conformations of the crambin 
sequence, all of which have h = 18 HH contacts and give 
bimodal P(r)  curves. All three conformations have similar 
hydrophobic clusters and similar secondary structures. For 
example, residues 3-9 are  in a short antiparallel sheet 
topology: in Figures SA1 and SA3 it is twisted, whereas in 
Figure SA2 it is straight. The residues 32-44 have many 
helix-like turns in all three conformations. All three con- 
formations have one or two nonlocal contacts of a monomer 
in the region of amino acids 29-34 with monomers 44 or 45. 
Of course, this comparison of only three conformations cannot 
necessarily be generalized to a larger ensemble, nor, as we 
noted before, do these results necessarily apply to real crambin, 
since the lattice model is crude. They simply indicate the 
predicted structural similarities among compact conformations 
of a given sequence. In Figure 8 we compare four polymer 
graphs of different conformations of the staphylococcal 
nuclease 1-136 fragment. Each of the polymer graphs has 
48 HH contacts. Two distinct clusters of HH contacts form 
in all four hydrophobic zippers. The first cluster, residues 
1-39, is connected to the second one, residues 51-115, by a 
string of polar monomers, residues 40-50. The second cluster 
can be further subdivided into two subclusters, residues 5 1- 
75 and 85-1 15, which are again separated by a run of polar 
(P) residues. It is apparent that most local contacts (small 
arcs on the polymer graph) are similar in all four structures. 
However, nonlocal contacts (large arcs) within and between 
the clusters show more variation. Thus, even though hydro- 
phobic zipper construction paths involve many random 
decisions, they lead to conformations with considerable 
similarities in hydrophobic clusters and local contacts but 
differences in the combination of nonlocal contacts which 
constitute the particular clusters. 
(4) Compact Conformations Have Broad Conformational 

Diuersity. Despite the similarities, the conformations are  
actually quite diverse. How different are they? We  compared 
them using a simple conformational distance measure de- 
scribed only briefly here and in more detail elsewhere (Yee 
& Dill, 1993). A dissimilarity score is obtained by correlating 
two contact matrices, using a measure S between two sets of 
coordinates c and c’: 
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FIGURE 9: Dissimilarity distributions of conformations as a function 
of h, the number of HH contacts. Conformations that havedifferent 
contact maps display greatest dissimilarity (0). The more HH 
contacts(h = 10(0) ,  16(A),20(+),32(0)) thereareinanensemble 
of configurations with identical contact map, the greater is the 
similarity among their conformations. 

dij between residues i and j .  These too are not very predictive 
of bimodal vs unimodal P(r)’s, although in a few extreme 
cases, where P(r)  had two distinct peaks, two “islands” can 
be observed in the distance matrix. 

One property that correlates well with bimodal vs unimodal 
behavior is hydrophobic clustering. This is shown in Figures 
3 and 5 with the help of “polymer graphs” (defined in Figure 
3) (Fiebig & Dill, 1993). Unimodal distributions tend to 
arise from conformations that have a single hydrophobic cluster 
(Figure 3), whereas bimodal curves tend to result from multiple 
hydrophobic clusters (Figure 5). But we also find a few 
exceptions to these generalizations, particularly in conforma- 
tions of low compactness. 

There are some caveats in comparing the lattice model 
conformations to real proteins. First, the simple HP potential 
function is very crude and does not contain other specific 
interactions. Sosnick & Trewhella (1992) observe a broadened 
unimodal P ( r )  distribution for ribonuclease A under nonre- 
ducing conditions a t  67 O C .  We do not model disulfide bonds 
in this study. They also observe a bimodal distribution for the 
reduced protein in strong denaturant. Second, it is possible 
that bimodal P(r)  behavior observed in experiments may partly 
arise from artifacts in the scattering models used to Fourier 
transform the intensities to produce P(r)’s (Flanagan et al., 
1993). To avoid these potential artifacts it is advantageous 
to have experimental data that are  reported directly as 
Z(Q)Q2vs Q(Kratky) plots (Glatter & Kratky, 1982). While 
the lattice model often shows individual chain conformations 
with bimodal P(r)’s, our limited calculations show that more 
extensive conformational averaging tends to smooth the 
distributions, see Figure 6. However, until it is possible to get 
full Boltzmann averages a t  a given compactness from 
hydrophobic zippers, our conclusions about conformational 
averages are limited. 

Figure 7 compares Kratky plots for model cytochrome c to 
experimental data reported by Kataoka et al. (1993). Here 
we compute averages (Z(Q)), where the brackets indicate 
averaging over different conformations of a given number h 
of HH contacts. The model Z(Q) data agree qualitatively 
with the experimental curves a t  small Q (Q < 0.15), where 
the experimental data are most reliable. The scale of the 
y-axes of the experimental and theoretical curves differ by an 
arbitrary instrumental factor. However, the maxima of the 

(3) 
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FIGURE 10: Polymer graphs of model ribonuclease A conformations with h = 48 HH contacts. 
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where dij and d’i/ are the Euclidean distance between residues 
i and j of coordinate sets c and c’, respectively. 

Consider the similarities of highly compact model crambin 
conformations that have up to h = 32 HH contacts. We  first 
compare different conformations that all have a given contact 
map, then different conformations from different contact maps 
(each with h = 20 HH contacts). Not surprisingly, we find 
thedistance between all pairwiseconformations within a given 
contact map are much smaller than conformational distances 
between two different contact maps (see Figure 9). But as 
compactness decreases ( h  becomes smaller), Figure 9 also 
shows that there ultimately becomes as much conformational 
diversity within a given contact map as there is between two 
contact maps. Figure 9 shows wide conformational diversity 
among conformations with h = 20 HH contacts. In addition, 
the various sets of 20 HH contacts are not, in general, subsets 
of the 32 HH contacts that define the native (or near-native) 
state; there are generally some nonnative contacts. In short, 
we find that hydrophobic zippers lead to a relatively large 
ensemble of conformations with different contact maps, but 
with much recognizable similarity, particularly in local 
conformations and hydrophobic clustering. 

( 5 )  Compact Conformations Depend on Amino Acid 
Sequence. The compact conformations generated by hydro- 
phobic zippers depend on the amino acid sequence. Figure 
10 shows four polymer graphs of ribonuclease A zipper states 
with h = 48 HH contacts. Comparison of Figures 8 and 10 
shows how amino acid sequence affects the spacing of 
hydrophobic clusters. In particular, polar runs of amino acids 
often separate hydrophobic clusters. 
CONCLUSIONS 

We propose a model for compact denatured configurations 
of globular proteins. We  generate compact nonnative con- 
formations using the hydrophobic zippers strategy. This 
strategy sequentially introduces additional HH contacts into 
a growing conformation by an  opportunistic process. We  
believe this process also corresponds roughly to the sequence 
of events in the fast kinetic steps of folding. Most zippers 
reach compact nonnative end state conformations. We  study 
the properties of these end state conformations. W e  find that 
they are slightly less compact than the native state and that 
many of them bear remarkable similarity to each other, despite 
the many random choices made in each zipper process. In 
particular, hydrophobic residues are often clustered, often 
involve the same hydrophobic amino acids in the sequence, 
and often have considerable similarities in the helical contacts. 
Despite these general similarities, the actual conformations 
are widely different. In these respects hydrophobic zipper 
end state conformations appear to resemble compact denatured 
states of globular proteins. 
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