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Abstract 

Compactness has been used to locate discontinuous structural units containing one or more polypeptide chains in 
proteins of known structure. Rather than exhaustively calculating the compactness of all possible units, our procedure 
uses a screening algorithm to find discontinuous regions that are potentially compact. Precise calculations of compact- 
ness are restricted only to units in these regions. With our procedure, compactness can be used to discover discontinuous 
domains with virtually any number of disjoint peptides. Small, single-domain proteins may contain several compact 
regions: thus, compact regions do not always correspond to folding domains. Because a domain is an independent 
folding unit and should contain a hydrophobic core, compact units were further examined for the presence of hydro- 
phobic clusters (Zehfus MH, 1995, Protein Sci 41188-1202).  This added constraint limits the number of acceptable 
units and helps greatly in the location of the true structural domains. The larger hydrophobically stabilized compact units 
correspond to domains, while the smaller units may correspond to folding intermediates. 
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Ever since the first protein structure was elucidated by X-ray crys- 
tallography, it has been possible to locate distinct, spatially sepa- 
rable regions within many proteins that are thought to correspond 
to structural domains (Wetlaufer, 1973). While many domain- 
finding algorithms were developed in the late 1970s and early 
1980s (Liljas & Rossman, 1974; Crippen, 1978; Rose, 1979; Lesk 
& Rose, 1981; Rashin, 1981; Wodak & Janin, 1981; Go, 1983; 
Janin & Wodak, 1983; Kikuchi et al., 1988), there has been little 
activity in this area until recently. In the past two years at least five 
new methods for finding domains have been reported in the liter- 
ature (Zehfus, 1994; Islam et al., 1995; Siddiqui & Barton, 1995; 
Sowdhamini & Blundell, 1995; Swindells, 1995a). Although most 
of these methods are logical extensions of principles and calcula- 
tions used in earlier work, the  emphasis has shifted toward faster, 
more flexible implementations. Faster domain-finding techniques 
are needed so the great number of proteins that now reside in the 
protein data bank can be analyzed, while more flexible techniques 
are being developed so discontinuous domains containing more 
that a single peptide chain can be found. 

Each method has some potential difficulty. Several rely on C a  
information alone, and ignore side-chain packing information (Is- 
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lam et al., 1995; Sowdhamini & Blundell, 1995). Other methods 
assemble domains only from pieces of regular secondary structure, 
and do not recognize the presence of loops or more irregular struc- 
tures in their domains (Sowdhamini & Blundell, 1995; Swindells, 
1995a). Two of the techniques assemble discontinuous domains 
only from continuous domains, ignoring the possibility that the 
individual parts of a discontinuous domain may not be structurally 
independent (Islam et al., 1995; Siddiqui & Barton, 1995). Finally, 
most of these methods use iterative, contiguous binary divisions of 
the peptide chain to define their units, rather than allowing the N- 
and C-termini to be trimmed to optimize each domain individually 
(Islam et al., 1995; Siddiqui & Barton, 1995). 

We have used compactness to define domains (Zehfus & Rose, 
1986; Zehfus, 1987, 1994). This approach avoids the above prob- 
lems because it uses both main-chain and side-chain atoms in its 
calculations, does not require any knowledge of protein secondary 
structure, does not assemble discontinuous units from continuous 
units, and optimizes the definition of each domain by adjusting N- 
and C-termini for best fit. The disadvantage of this method is that 
it is computationally intensive; a compactness calculation requires 
the determination of both the solvent accessible surface area and 
volume for each unit examined. 

A 100-residue protein contains a few thousand continuous units, 
and millions of binary discontinuous units. This many compact- 
ness calculations can be exhaustively calculated in a reasonable 
length of time using a fast computer algorithm (Zehfus, 1993). The 
number of trinary (three peptides), and quadrinary (four peptides) 
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discontinuous units  is expected to be in  the billions and trillions, 
respectively, and so cannot be exhaustively calculated. This prob- 
lem  has been circumvented here using a simple screening param- 
eter to quickly locate potentially compact regions. Once these 
regions have been found, then the more time consuming compact- 
ness calculation is used only on the units in that region, to deter- 
mine the actual compactness of the domain. This greatly increases 
the efficiency of the  compactness approach, making it applicable 
to the discovery of discontinuous units with any number of disjoint 
peptides. 

The  compactness analysis reveals that all proteins contain many 
compact regions. Regions identified only by their compactness  are 
called compact units. These compact units are so numerous that 
they clearly cannot all be domains. Because compactness alone 
does not determine the presence of a domain, another property 
must be used to differentiate between compact regions and actual 
domains. If a domain is a piece of a protein that can fold inde- 
pendently, then it should contain a hydrophobic core large enough 
to stabilize its own structure. Because it was recently shown that 
hydrophobic clusters can be found using an adaptation of com- 
pactness theory (Zehfus, 1995), the compact units may be ana- 
lyzed for the presence of a hydrophobic cluster within them. This 
simple  filter  removes roughly 75% of the compact units and allows 
the remaining units to be easily organized into closely related 
groups. The result is that only a few compact domains containing 
hydrophobic clusters  are located in each protein. These structures 
are referred to here as stabilized  modules. Although a few stabi- 
lized modules are large enough to correspond to distinct structural 
domains, most of the modules are  smaller and may correspond to 
folding intermediates in a hydrophobic collapse folding pathway. 

Results and discussion 

Overview of unit discovery method 

A 100-residue protein contains about 5000 continuous units. If 
discontinuous units are generated by simply combining all possible 
continuous units, a protein this  size would have millions of ternary 
(three peptide) units and billions of quadrinary (four peptide) units. 
Instead of trying exhaustively to calculate the compactness of each 
of these units, it is much more efficient to use a screening param- 
eter to locate units that seem compact, and perform the compact- 
ness calculation only on  these units. Because compact units are 
close to spherical in shape  (Zehfus & Rose, 1986), spheres of 
varying sizes are moved through the protein's coordinates to find 
sets of residues that fit well within the spheres. These  sets of 
residues are then used as  seeds  for further processing. 

Once a seed unit is  chosen, the region near that seed must be 
searched to find the most compact unit in that region. In previous 
work on unitary and binary domains, the region around a peptide 
was varied by 2 4  residues at each end, with a total change in size 
of 2 4  residues. This region is  shown  in  Figure 1A. It can be seen 
that this region includes 61 slightly different peptides. Although 
this sounds like a small number of peptides to examine, when four 
of these regions are combined in a quadrinary unit, there are 61 X 
61 X 61 X 61, or more than 13.8 million combinations! Rather 
than evaluating the Z of all these units, a two-pass procedure, one 
over  the entire region at  low resolution (Fig. lB), and a second 
over a smaller region at higher resolution (Fig. 1C) is used to 
reduce the number of Z calculations performed. This two-stage 
process reduces the number of calculations needed to locate a 

A 

16-40 17-41 18-42  19-43 20-44 
16-39 17-40 18-41 19-42 20-43 21-44 

16-38 17-39 18-40 19-41 20-42 21-43 22-44 
16-37 17-38 18-39 19-40 20-41 21-42 22-43 23-44 

16-36 17-37 18-38 19-39 20-40 21-41 22-42 23-43 24-44 
17-36 18-37 19-38 20-39 21-40 22-41 23-42 24-43 

18-36 19-37 20-38  21-39 22-40 23-41 24-42 
19-36 20-37 21-38 22-39 23-40 24-41 

20-36 21-37 22-38 23-39 24-40 

B 
16-40 18-42 20-44 

16-38 18-40 20-42 22-44 

16-36 18-38 20-40 22-42 24-44 

18-36 20-38 22-40 24-42 

20-36 22-38 24-40 

C 
18-40 19-41 20-42 

18-38 19-39 20-40 21-41 22-42 
19-38 20-39 21-40 22-41 

20-38 21-39 22-40 

Fig. 1. Different peptides to be examined around a target peptide con- 
taining residues 20-40. (A) Full region, (B) region at lower resolution, 
(C) smaller region at high resolution. 

18-39 19-40 20-41 21-42 

minimum by at least 94%, and further speeds the discovery of 
compact units. 

Once a list of compact units is developed, the protein is sub- 
jected to an independent search for hydrophobic clusters (Zehfus, 
1995). The list of compact units is then analyzed and units that do 
not contain hydrophobic clusters are removed. By comparing the 
underlying clusters the remaining units can be easily grouped, and 
redundant structures eliminated. The resulting structures are the 
final hydrophobically stabilized modules. 

Esficacy of the screening procedure 

In the original algorithms used to find continuous and binary dis- 
continuous compact domains  the compactness of all possible units 
was calculated, so it was impossible to miss a potential compact 
unit (Zehfus, 1993, 1994). In the seeded search algorithm the 
compactness of a limited set of peptides is determined, so it is 
possible that some truly compact units might be missed. 

To try to avoid this, the parameters used in the seeding proce- 
dure  were optimized using ribonuclease A as a test system. In this 
optimization the discontinuous binary units of ribonuclease were 
determined both exhaustively and using the seeded search method. 
The seeded search parameters were then adjusted until all compact 
units were discovered. 

The search parameters optimized in this process were: step size 
for  sphere movement, step  size of sphere radius, and the threshold 
for number of Cas  found in the sphere to qualify as seed structure. 
The optimal values for step of sphere movement and sphere radius 
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are 1.0 A and 0.5 A, respectively. If either of these parameters is 
set to a higher value, some units are lost. If they are set lower, the 
search is performed at a finer resolution, but no additional units are 
found. 

The threshold for number of Cas  needed in a sphere to qualify 
as a seed structure is set at two standard deviations above the mean 
value. The threshold value represents a tradeoff. If the threshold is 
set lower, there is a greater certainty of finding all compact units, 
but the number of seeds that result in non-compact units increases 
greatly, as  does overall computation time. If the threshold is set 
higher, then fewer seed structures are evaluated, and the compu- 
tation time is lowered; however, the higher threshold increases the 
chances that a true compact unit will be missed. 

The appropriateness of these parameters was tested by compar- 
ing the results obtained when the binary units of five additional 
proteins were determined using both seeded and exhaustive search 
procedures. The proteins used were cytochrome c (3cyt), interleu- 
kin (4ilb), myoglobin (4mbn), hen egg white lysozyme (61yz), and 
pancreatic trypsin inhibitor (6pti). In this set of proteins 98 com- 
pact clusters  are found using exhaustive evaluation. When evalu- 
ated using the seeding method, eight additional units are found that 
are not true compact units, and eight true compact units are missed. 
Seven out of the eight missed units are only moderatly compact 
( Z  2 1.50), so the seed procedure found virtually all significant 
units. An additional 14 units are missed by the seeding procedure 
that are either borderline units  and not considered significant, or 
are variants of better units that are found correctly. 

Most errors  in the seed method occur in units of marginal com- 
pactness. Because tri- and quad-discontinuous units are generally 
more compact than uni- or bi-units, both the number of marginal 
cases,  and  the overall error rate is expected to be lower  for tri- and 
quad-units. 

The screening procedure is efficient, only 15% of the seeded 
structures are rejected because they are non-compact. One area that 
needs further attention, however, is the removal of seeds contain- 
ing small peptides; 45% of the  seeds lead to structures that are 
rejected because a peptide within it  is too small. 

EfJicacy of screening compact units for 
enclosed hydrophobic clusters 

Most proteins contain many compact regions. Ribonuclease, for 
example, contains 1 unitary, 10 binary, 17 trinary, and 4 quadrinary 
compact units. Because a protein of this size should contain only 
one or two domains, clearly the bulk of these compact units are not 
domains, and  compactness  alone does not determine  the presence 
of a domain. 

If a domain is a piece of a protein that can fold independently, 
then it should contain a hydrophobic core large enough to stabilize 
its  own structure. The compact units were therefor examined to see 
if they contained hydrophobic clusters. To do this  the protein was 
subjected to an independent hydrophobic cluster analysis (Zehfus, 
1995). Only those compact units that contained a hydrophobic 
cluster within them were retained for  further investigation. When 
a compact region is stabilized by a hydrophobic cluster it  is called 
a stabilized  module. In ribonuclease there are only two binary, 
eight trinary, and  two quadrinary stabilized modules. Further, when 
these modules are organized by their underlying hydrophobic clus- 
ters, it becomes obvious that there are only two groups of similar 
units; one set of binary modules containing residues 23-46 and 

Table 1. Compact units, stabilized modules, and structurally 
distinct  stabilized modules found in 14 surveyed proteins 

Peptides  Compact Stabilized Distinct 
in unit units modules structures 

1 I7 22 18 
237 47 17 
234 15 23 

54 20 1 1  

82-100, and a set of trinary modules containing roughly residues 
4-14,  45-82, and 102-124. 

Table 1 summarizes the stabilized modules and unique struc- 
tures found in the set of 14 proteins analyzed here. There is a total 
of 642 compact units in these proteins, but only about a quarter 
(162) correspond to stabilized modules; thus, the requirement for 
a hydrophobic cluster is relatively stringent. When these stabilized 
modules are further examined to eliminate similar units, only about 
20 distinct I-, 2-, and 3-peptide modules and about 10 distinct 
4-peptide modules remain. 

Results of individual proteins 

Figure 2 lists the distinct stabilized modules found in the proteins 
studied here, while Figure 3 displays the stabilized modules from 
four arbitrarily chosen example proteins. Some of these proteins 
have a very simple anatomy, while others are quite complex. Pan- 
creatic trypsin inhibitor, for instance, has only two stabilized mod- 
ules, one that corresponds to the entire protein and a second trinary 
unit that comprises roughly 2/3 of the molecule. This unit corre- 
sponds closely to the 1-9 + 20-33 + 42-58 P a P y  peptide shown by 
Staley and Kim (Staley & Kim, 1990) to have native-like structure. 
This unit had not been identified by compactness previously be- 
cause it contains three disjoint peptides. A compact unit corre- 
sponding to the other third of the molecule can be found, but it is 
not considered a stabilized module because it does not contain a 
hydrophobic cluster. 

The stabilized modules of ubiquitin are also very simple. Again, 
one module corresponds to the entire protein, while the second is 
essentially the same unit, but with a short piece of the C-terminus 
and a neighboring loop removed to optimize compactness. 

By eye  T4 lysozyme  is  clearly a two-domain protein.  The 
N-terminal domain contains both a and p structure, while the 
C-terminal domain is discontinuous and primarily helical in nature. 
This two domain structure is captured perfectly in the two major 
stabilized modules 1-2 and 2-2. The C-terminal helical domain 
contains many smaller alternative stabilized clusters. The exact 
meaning of these alternative modules is not clear. One likely ex- 
planation is that these alternate units simply represent different 
ways of repacking the domain core using different sets of structural 
units. Although it is possible that these alternate units could cor- 
respond to intermediates in a folding pathway, little correlation is 
seen between these units and the hydrogen exchange data of an 
early folding intermediate identified by Lu and Dahlquist (1992). 

The structurally homologous a-lactalbumin and  hen egg white 
lysozyme present an interesting contrast with each other. These 
structures are visually similar, but hen egg white lysozyme contains 
a single discontinuous stabilized module corresponding a union of 
the N- and C-termini of the protein, while a-lactalbumin has several 
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different stabilized modules, most centered on the continuous region 
around the calcium binding loop between residues 80 and 90. This 
dichotomy occurs because the region in a-lactalbumin equivalent 
to the discontinuous lysozyme domain is not compact in a-lactal- 
bumin, while the region in lysozyme equivalent to the a-lactalbumin 
continuous domain does not contain a hydrophobic cluster in ly- 
sozyme. The discontinuous helical domain of hen egg white lyso- 
zyme  had  been  detected  as a folding  intermediate in both water 
(Miranker  et al., 1991)  and TFE (Buck  et  al., 1993). The continu- 
ous module from  a-lactalbumin corresponds closely to a region that 
is important in the transition between a molten globule and a native 
state that occurs when this protein binds calcium (Wu et al., 1996). 

Although barnase contains three stabilized modules, the trinary 
and quadrinary modules are essentially the same unit, so the quadri- 
nary unit may be regarded as redundant. Fersht’s group has studied 
this molecule intensely (Fersht et al., 1992; Matouschek et ai., 
1992a, 1992b; Serrano  et al., 1992a, 1992b, 1992c)  and has de- 
veloped a model where two hydrophobic core regions are thought 
to fold quickly, while a third hydrophobic core is folded at a slower 
rate. The large trinary stabilized module corresponds quite well 
with the fast folding core,  and  core3, while the smaller binary unit 
is equivalent to the slower folding core2. 

Ribonuclease A contains a cleft that delineates the protein into 
two distinct regions, identified as separate  domains by Wetlaufer in 
1973 (Wetlaufer, 1973). Because one of these  domains (1-10 + 
52-76 + 105-124) is trinary in nature, it could not be properly 
identified using compactness until now. The analysis actually finds 
two very similar trinary stabilized modules, but the 3-1 module 
(4-14 + 45-82 + 102-124) is preferred because it  is both larger 
and more compact. The remainder of the protein is  in a binary 
stabilized module (23-46 and 82-100) that is complementary to 
the trinary unit. Both the bi- and the tri-modules contain disulfides 
that hold them together. In the binary unit both disulfides bridge 
the discontinuous peptides together, while in the trinary unit one 
disulfide is located within a peptide, and the second joins two of 
the three peptides together. 

Ribonuclease T ,  contains several stabilized modules. Many of 
these units correspond to the entire protein with small pieces re- 
moved to optimize compactness (1-1, 1-2, 1-3, 1-5, and 2-1). The 
remaining units are highly overlapped and no set of mutually ex- 
clusive regions can be identified; thus, this protein appears to 
contain a single folding domain. Hydrogen exchange data have 
shown that amino acids in the middle and N- and C-termini are 
associated with a fast-folding native-like intermediate (Mullins 
et al., 1993), and these regions are observed in the trinary stabi- 
lized modules found here. 

The proteins cytochrome b5,  cytochrome c,  and myoglobin con- 
tain heme groups. The analysis method works only with amino 
acids and ignores prosthetic groups, so the heme plays no role in 
the stabilized modules of these proteins. Cytochrome b5 contains 
two similar units, one binary, and the second trinary. The binary 
unit corresponds well with the region found by Moore and Lecomte 
(Moore & Lecomte, 1990) to have structure in the apo-cytochrome 
molecule. The trinary unit is composed of the binary unit plus a 
very small P-strand. While this addition greatly enhances the com- 
pactness of the binary unit, this peptide is  just at the minimum 
allowed size for a peptide in a discontinuous unit, so its structural 
significance is questionable. Further, no experimental evidence for 
this trinary unit is seen in Moore and Lecomte’s data. 

Cytochrome c contains three modules: one trinary, and two  es- 
sentially equivalent quadrinary units. The quadrinary units corre- 
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Fig. 3. Stabilized domain  and  modules  from four example proteins. (A) BPTI, blue:  unit 3-1, residues 1-9 + 20-33 + 43-57, white: 
remainder. (B) T4 lysozyme,  blue: unit 1-2, residues 13-64, yellow: unit 2-2, residues 1-12 + 70-161, white:  remainder. (C) Barnase, 
blue: unit 2-1, residues 23-54 + 73-87, yellow:  unit 3-1, residues 7-21 + 55-76 + 85-100, white:  remainder. (D) Ribonuclease A, blue: 
unit 2-1, residues 23-46 + 82-100, yellow:  unit 3-1, residues 4-14 + 45-82 + 102-124, white:  remainder. 

spond to the addition of an N-terminal helix to the trinary unit. 
Roder et al. (Roder et al., 1988)  has used hydrogen exchange  in 
cytochrome c to identify the  N- and C-terminal helices as  impor- 
tant early folding intermediates. Jeng  et al. (Jeng et al., 1990;  Jeng 
& Englander, 1991)  have studied this protein in a nonnative com- 
pact state and further implicated the 60s helix as important in 
folding. All three of these structures are observed in the quadrinary 
stabilized module. An entire  folding  and unfolding pathway for 
this protein has recently been proposed by Bai et al. (Bai et al., 
1995) by studying proton exchange  as a function of guanidinium 
concentration. Although there  are similarities between their pro- 
posed folding structures and  the stabilized units found here, there 
are also some differences. This is most likely due  to the fact that 
the experimental studies are  done  in the presence of covalently 
bound heme,  while  the analysis performed here  does not take the 
heme  group  into account. 

Myoglobin contains several binary and trinary stabilized mod- 
ules. The largest of the trinary units corresponds quite well with a 
region observed by Hughson et. al. (Hughson  et al., 1990) to have 
structure in apo-myoglobin. The N-terminal peptide of the largest 
binary unit also corresponds to a tertiary cluster observed by Coco 
and  Lecomte  in apo-myoglobin (Cocco & Lecomte, 1990). 

Interleukin lp is an irregular beta barrel protein. The extremely 
discontinuous nature of this beta barrel has made it difficult to 
analyze using compactness. The binary stabilized module found 

here represents two P-turn+ structures that stabilize half of the 
protein’s P-barrel core. The 4-1 unit extends this structure along 
one side of the barrel, while the 4-2 structure completes the basic 
barrel. Interestingly, the 4-1 stabilized module contains a large 
segment between residues 60 and 85 that does not seem to  be 
stabilized by a hydrophobic core, yet this unit corresponds well 
with a region observed by  Varley et al. (1993) to be an early 
folding region in  this protein. 

Plastocyanin is a small /3-barrel protein that contains three sta- 
bilized modules. One module corresponds to the entire protein, 
while the  other modules coincide with the two  ends of the barrel. 
These two units bisect the protein’s P-strands between them. It 
seems unlikely that a protein could have two independent domains 
at  opposite  ends of a small P-barrel; thus, this protein is problem- 
atic. A likely explanation of this problem is that the algorithm that 
finds the protein’s hydrophobic clusters has incorrectly divided a 
large somewhat non-compact cluster  into two smaller, but more 
compact ones (Zehfus, 1995). This incorrect division is then used 
to identify two separate stabilized modules. It appears that the 
algorithm used to find hydrophobic clusters needs further refine- 
ment to remove this artifact. 

The 2-1 binary discontinuous unit of staphylococcal nuclease 
contains one large peptide and a much smaller six-residue frag- 
ment. Although the significance of such small  peptide  fragments  is 
questionable, this  fragment may play an important role here. 
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Experiments on the isolated large peptide of this unit show only 
marginal, nascent structure in aqueous solution (Maciejewski, 1996). 
Because the continuous unit itself does not correspond to a stabi- 
lized module because it  does not contain a complete hydrophobic 
cluster, it appears that the hydrophobic residues contained in the 
36-41 fragment may be critical to the overall folding of this unit. 

The remaining units of staphylococcal nuclease are very similar 
and  seem to indicate the importance of a trinary unit in this pro- 
tein’s structure. 

Discussion 

Picking structural units in a protein based on compactness is evolv- 
ing in sophistication. Originally, compact units were chosen only 
on the basis of compactness, and the “best” units in a protein were 
those that were most compact (Zehfus,  1987). Later, when the 
approach was expanded to include binary discontinuous units, it 
was recognized that some very compact units might not be good 
structural units, while other less compact structures made better 
structural sense. At that time the best set of units for a protein were 
selected on the basis of mutual exclusivity and best average com- 
pactness for the set of units as a whole (Zehfus, 1994). In this work 
it is recognized that one of the main forces stabilizing protein 
structure is hydrophobic in nature, and units are selected that are 
both compact and contain a hydrophobic cluster within them. This 
makes the units found here different than the compact units found 
previously. Where available, Figure 2 includes information on pre- 
viously published compact domain assignments. 

What is the structural significance of the stabilized modules 
found here? Several of the larger stabilized modules (2-1 and 3-1 
in ribonuclease and 1-2 and 2-2 in T4 lysozyme) clearly corre- 
spond to classical domains. On the other hand, several proteins that 
are thought to contain a single domain are found to contain a 
number of stabilized modules, often spanning similar regions of 
the protein. In these cases  it appears that the region is simply being 
redefined in alternate ways to try to optimize its compactness. 
Further refinement of the compact unit finding algorithm is needed 
in these cases to more clearly identify the optimum unit. 

If the larger stabilized modules correspond to independent struc- 
tural domains, then it seems logical that the smaller stabilized 
modules should correspond to pieces of structure that have a pro- 
pensity to fold into their respective structure. This idea is re- 
inforced by the fact that all stabilized modules contain hydrophobic 
clusters, and these clusters have been shown to correlate with early 
folding intermediates (Zehfus, 1995). It seems likely, then, that 
stabilized modules may correspond to protein folding intermedi- 
ates. If so, how do these units fit into current models of protein 
folding?  The framework model of protein folding proposes that 
elements of secondary structure form first, and then coalesce to 
form larger structures, while the hydrophobic collapse theory holds 
that hydrophobic regions collapse first, followed by the formation 
of secondary and tertiary structure. 

Stabilized modules, with their hydrophobic core and compact 
structure, are well suited to be regions of the protein prone to 
hydrophobic collapse, and should be considered as possible inter- 
mediates in the hydrophobic collapse folding pathway. If stabilized 
modules do represent intermediates in protein folding, then they 
should be observable in protein folding experiments. The proteins 
studied here were chosen because their folding pathways have 
been studied. Good correlation is seen between stabilized modules 
and folding intermediates in several cases, but in others, little 

correlation is observed. These  cases of poor correlation, however, 
do not necessarily mean that stabilized modules do not correspond 
to folding intermediates. 

This analysis has tried to correlate a large number of different 
experimental techniques thought to probe early events in protein 
folding with stabilized modules. Some of these methods monitor 
kinetic pathways, while others rely on the identification of thermo- 
dynamically stable intermediates under a wide variety of native 
and non-native conditions. At the present time it is not clear how 
these techniques correlate with each other, let alone how they 
correlate with the true folding pathway (Clarke & Fersht 1996). 
The final result is that a perfect correlation with experimental data 
cannot be expected. 

Comparing the results obtained here with other domain finding 
algorithms (Islam et al., 1995; Siddiqui & Barton, 1995; Sowdhamini 
& Blundell, 1995; Swindells, 1995a) on a protein-for-protein basis 
is difficult because there is little overlap between sets of analyzed 
proteins. This poor overlap is  due to a difference in focus. Most 
other methods emphasize large proteins containing hundreds of 
residues, and look primarily for large, structurally independent 
domains. Although some of the larger stabilized modules corre- 
spond to this kind of independent domain, the bulk of the struc- 
tures found here are smaller, and the other methods are simply not 
designed to find such units. 

One area where stabilized clusters differ from large independent 
domains is in the number of discontinuous units discovered. In 
their procedure Siddiqui and Barton (Siddiqui & Barton, 1995) 
found 190 uni-, 41 bi-, 1 tri-, and 1 quad-domains. Similarly, Islam 
et al. (Islam  et al., 1995) found 152 uni-, 2 bi-, and only 3 tri- 
domains. It appears that the bulk of the discovered large domains 
are composed of a single peptide, while discontinuous units, es- 
pecially those containing more than two peptides, are much rarer. 
Here the distribution of uni-, bi-, and tri-units are approximately 
the same, and it is only at the quadrinary level where a significant 
decrease in population is found (Table 1). 

Methods 

The proteins analyzed here are: a-lactalbumin (lalc) (Acharya 
et al., 1989). barnase (lmb) (Baudet & Janin, 1991), ubiquitin 
(lubq) (Vijay-Kumaret al., 1987), cytochrome b5 (3b5c) (Mathews 
et al., 1971), cytochrome c (3cyt) (Takano & Dickerson, 1980), 
interleukin lp (4ilb) (Veerapandian et  al., 1992), T4 lysozyme 
(41zm) (Bell et al., 1991), myoglobin (4mbn) (Takano, 1984), hen 
egg-white lysozyme (61yz) (Diamond, 1974), pancreatic trypsin 
inhibitor (6pti) (Wlodawer et al., 1987), ribonuclease A (7rsa) 
(Wlodawer et al., 1988), ribonuclease TI  (9mt) (Martinez-Oyanedel 
et al., 1991), plastocyanin (5pcy) (Guss et al., 1986), and staph- 
ylococcal nuclease (2snc) (Loll & Lattman, 1989). All coordinates 
were obtained from the Brookhaven Protein Data Bank (Bemstein 
et al., 1977).  As in previous work, the compactness analysis is 
restricted to amino  acids only, ions or prosthetic groups are not 
included in any calculations. 

Screening method 

To improve the speed of the screening function, only the positions 
of the C a  atoms are used. To locate locally compact regions in a 
protein, a series of different-sized spheres are passed through the 
protein’s coordinates, and a record is kept of any groups of C a  
atoms that fit well within the spheres. Although several different 
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sphere sizes and movement steps were tried, the final parameters 
used here vary the sphere radius from the average radius of the 
protein down to 2.5 8, in steps of 0.5 A, and  the sphere is moved 
in 1 8, steps in the X, Y, and 2 directions. This set of parameters 
was chosen because it would find all the compact binary units in 
ribonuclease, while smaller changes would provide no additional 
units (see Results and discussion). 

In this process only pieces containing four or more contiguous 
C a  atoms are used, and any smaller pieces of structure are dis- 
carded. As each sphere  is passed through the protein, a running 
total is kept of the number of atoms in each binary, trinary, and 
quadrinary set of peptides that fit within the sphere. From this data 
the average and standard deviation of the number of Cas in bi-, tri- 
and quad-units is determined for each sphere size. This informa- 
tion is then used to identify units that have a significantly higher 
than average number of Cas packed into a sphere. Using ribonu- 
clease  it  was determined empirically that if a threshold of two 
standard deviations above the mean is used as a cutoff, all the 
compact binary discontinuous units in this protein are properly 
identified (see Results and discussion). This level was therefore 
used for the selection of compact seeds in unknown proteins. 

In ribonuclease this threshold identifies 11,185 bi-, 18,410 tri-, 
and 11,743 quad-units as possible seeds for discontinuous do- 
mains. Many of these units are very closely related, differing from 
each other by only a few residues. As a result, potential seeds are 
next grouped together, and a single “average” unit is picked as a 
seed for each region. In this procedure the list of potential units is 
first scanned to find the one unit that has the largest set of closely 
related neighboring units, i.e., units that vary by 5 2  or less in any 
peptide parameter (N-terminal, residue, C-terminal residue, or num- 
ber of residues). These units are grouped together and a single 
average set of parameters calculated to represent this set of units. 
The units contributing to this set are eliminated from the list, and 
the process is continued to identify the next most common grouping. 

These groupings are then inspected to see if they can be further 
merged together. Here, the average parameters for each group are 
compared to each other. Groups are merged only if the maximum 
difference between the two sets  is less than a given threshold. This 
threshold starts with a maximum difference of 2 1  and then in- 
creased until the maximum allowed difference in any parameter is 
24 .  Naturally, as groups are merged, new average definitions for 
the group are recalculated based on the set of units within the 
grouping. The  final set of average parameters for each group are 
then used as seeds for the next step of processing. 

In ribonuclease this trims the list of potential units down to  483 
bi-, 697 tri-, and 475 quad-seeds to be used in the domain finding 
process. 

Evaluation of screened peptides 

Once a list of seed units has been determined, the most compact 
unit near that seed must be found. As shown in Results and dis- 
cussion, the region around each peptide normally searched con- 
tains 61 slightly different peptides (Fig.  IA). When this many 
different definitions for  one peptide are combined with multiple 
definitions for two or three other peptides in a discontinuous unit, 
the number of combinations can be in the millions, and an exhaus- 
tive search is not practical. Instead, a two-step search is used that 
lowers the number of units examined by more than 90%. 

In the first step of this search, the entire region around each 
peptide is searched at low resolution, as shown in Figure 1B. 

Because this region includes only 19 peptides, when it  is combined 
with similar regions from other peptides in the unit, the total num- 
ber of combinations is much lower. In the second step of the search 
the region closest to the seed is examined at the high resolution, as 
shown in Figure 1C. Again, this region contains only 19 members, 
and the number of combinations is relatively small. 

If the most compact unit found in these two searches is the 
original seed, the search is ended because the most compact unit 
has been found. If the most compact unit does not correspond to 
the seed, then the position of the most compact unit is used as a 
new seed, and the search is re-initiated at this new site. The search 
continues until a minimum is  found, or one of the peptides in the 
seed unit contains less than five residues. 

Once well-defined compact units are found for each of the seed 
structures, the list of compact units is processed using standard 
criteria (Zehfus, 1994). These criteria are: all peptides in each unit 
must have six or more residues, the gap between two peptides in 
a unit must be six or greater, and the Z of each unit must be 1.55 
or lower. Units that pass the above test are called compact units. 

Using hydrophobic clusters to jilter potential domains 

Hydrophobic  clusters  are  determined  independently using the 
method of Zehfus (Zehfus, 1995). Each compact unit is then tested 
to see if it contains a hydrophobic cluster within it. Two simple 
rules are used in the determination. First, at least 90% of a hydro- 
phobic cluster’s residues must be contained within the unit; and 
second, if the unit is discontinuous, then each disjoint peptide 
within it must contain some residues from the hydrophobic cluster. 
Units that pass this test are called stabilized  modules. 

Hydrophobic clusters are also used to group together similar 
stabilized modules. After each protein is analyzed, all stabilized 
modules having the same underlying clusters are identified. If the 
same set of hydrophobic clusters stabilizes multiple modules, then 
a single best unit is identified and the other units are eliminated. 
The factors of compactness, size, fit with the underlying clusters, 
and number of peptides in the unit are the criteria used to select the 
“best” stabilized module. 

Correction for size dependancy in tri- and quad-units 

In previous work it was noticed the Z function of continuous and 
binary discontinuous units was dependent on size, and an empirical 
size correction equation was derived to remove this factor  (Zehfus 
& Rose, 1986; Zehfus, 1994). This  is  also true for trinary and 
quadrinary discontinuous units. The  size dependancy was detected 
using the proteins a-lactalbumin (lalc), cytochrome c (3cyt), di- 
hydrofolate reductase (4dfr), hen egg-white lysozyme (6lyz), T4 
lysozyme (41zm), bamase (Irnb), ribonuclease (7rsa), Staphylo- 
coccal nuclease (2snc), interleukin lp (4ilb), myoglobin (4mbn), 
papain (9pap), Bence-Jones immunoglobulin (lrei), subtilisin (lsbt), 
and superoxide dismutase (2sod). Here 10,000 trinary and quadri- 
nary discontinuous units containing 15, 20, 25, . . . 60 residues 
were randomly chosen from each protein. The average and stan- 
dard deviation of these random samples was then determined. As 
done previously (Zehfus & Rose, 1986). an empirical correction 
factor was then determined that would make the mean minus one 
standard deviation linear between 5 and 40 residues. No correction 
factor was used for units containing more than 40 residues. The 
correction factors for tri- and quad-units are given below: 
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Correction factor for ternary units 
- - 0,534~(-0.0581 Xnumberof res~dues) + 0 948 

Correction factor for quadrinary units 
- - 0.413e(-0.0616Xnumberofresidues) + 0 965 
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