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ABSTRACT  We present a method to identify all compact, con-
tiguous-chain, structural units in a globular protein from x-ray
coordinates. These units are then used ta describe a complete set
of hierarchic folding pathways for the molecule. Our analysis
shows that the larger units are combinations of smaller units, giv-
ing rise to a structural hierarchy ranging from the whole protein
monomer through supersecondary structures down to individual
helices and strands. It turns out that there is more than one way
to assemble the protein by self-association of its compact units.
However, the number of possible pathways is small—small enough
to be exhaustively explored by a computer program. The hier-
archic organization of compact units in protein molecules is con-
sistent with a model for folding by hierarchic condensation. In this
model, neighboring hydrophobic chain sites interact to form fold-
ing clusters, with further stepwise cluster association giving rise
to a population of folding intermediates.

We have been interested in analyzing the structural organiza-
tion of globular proteins and in investigating how subunits of
this structure might participate in the folding pracess. The
spontaneous self-assembly of a protein from its components is
a paradoxical process. On the one hand, the apparent stereo-
chemical constraints seem insufficient to determine how ar-
rangements of transient structural components can be thor-
oughly explored and the native one reliably selected while the
traps of non-native but metastable conformations are avoided.
On the other hand, the constraints appear to be too limiting
when one tries to reconcile the search for native structure with.
the attractive notion that the protein collapses at an early stage
under the influence of hydrophobic forces.

We propose a way to resolve this dilemma by identifying the
complete collection of compact, contiguous-chain, structural
units for a given protein and then describing a comprehensive
set of hierarchic folding pathways for these units. The number
of possible pathways is large enough to be plausible but small
enough to be useful, and their hierarchic nature dramatically
reduces the possibility of non-native chain folds.

Our analysis suggests a mechanism of protein folding by hier-
archic assembly of structural intermediates. Fundamental to
this view is the question of whether steps in the underlying fold-
ing dynamics can be inferred from the resultant native struc-
ture. Two principal lines of evidence seem suggestive.

(i) It has been shown that a local measure of hydrophobicity
(1) partitions the amino acid sequence into structural segments
such as helices and strands (2, 3). The segmentation of the mol-
ecule, predicted from the linear sequence, persists in the native
structure. The simplest explanatiosfor the success of these pre-
dictions is to assume that the pattern of segmentation is also
maintained during intermediate stages in the folding.
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() Analysis of protein structures elucidated by x-ray crys-
tallography showed that protein molecules can be dissected into
a succession of spatially compact pieces of graduated size (4).
Each of these elements is formed from a contiguous stretch of
the polypeptide chain. A related analysis was reported by Crip-
pen (5). The spatial compartmentation of linear segments, seen
in the final structure, is likely to be a feature of intermediate
folding stages as well. Otherwise, mixing of chain segments
occurring during intermediate stages would have to be followed
by spontaneous unmixing as folding progresses.

These results suggest that remnants of structural interme-
diates in the folding process will still be discernible in the native
structure.

Analysis of protein structures has often emphasized identi-
fication of a predefined set of elements: helices, strands, and
their suprastructures (6-8). In contrast, our aim-has been to
recognize systematically all compact contiguous-chain units in
the protein, independent of their secondary structure
composition.

The choice of compactness as our main focus, rather than
hydrogen-bonded secondary structure, was prompted in part
by earlier evidence (3, 9, 10) suggesting a progression of events
in the folding process: (a) formation of primitive folding nuclei—
nearby hydrophobic chain elements interact to form small fold-
ing clusters of low stability; and (b) growth of intermediates—
neighboring clusters coalesce in stepwise fashion, leading to
successively larger intermediate structures.

Intermediates formed in this way are expected to be compact
units. A helix or strand would arise in this process as one of a
few energetically favorable alternatives for a given hydrophobic
primitive.

Inspection of protein structures determined by x-ray analysis
reveals hydrogen-bonded supersecondary structures that are
evidently fashioned from noncontiguous chain segments. In-
tuitively, it may seem that a method to identify only the compact
units comprised of contiguous-chain might overlook these non-
contiguous suprastructures; but this need not be the case. From
an analysis of the observed B-sheet topologies, Richardson (7)
formulated a stepwise construction rule that accounts for sheets
with nonconsecutive but adjacent strands by “taking either a
B-strand or a prefolded unit and laying it down next to a pre-
folded part of the sheet with which it is also contiguous in
sequence.”

It is important to emphasize that spatial compactness need
not occur at the expense of hydrogen-bonded structural ele-
ments. For example, the small compact units in myoglobin turn
out to be the helices, as discussed later in this paper. Larger
compact units include the usual supersecondary structures in.
addition to some.novel supersecondary structures to be.de-
scribed elsewhere.
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We distinguish between the set of residues comprising a
compact unit and the conformation of this unit. It need not be
assumed that a structural intermediate adopts its native con-
formation during all stages in the folding process; it need only
be assumed that the intermediate has some compact confor-
mation and is spatially segregated from its neighbors. It is pos-
sible that the region of chain comprising a particular unit can
be in equilibrium between multiple conformers as folding pro-
gresses (3).

In recent years, Creighton (11, 12) has demonstrated the
existence of an obligatory but non-native disulfide intermediate
in the refolding of reduced pancreatic trypsin inhibitor. This
result would appear to limit the prospects for deducing mean-
ingful folding intermediates by analysis of the final structure.
However, we note that a compact unit within the protein may
possibly rearrange during folding while retaining its compact
nature, as proposed by Lim (13).

In this analysis, a “structural subunit” or “domain” is defined
as a contiguous region of the linear amino acid sequence that
forms a spatially compact structure in the native protein. A
method is presented to identify the complete set of structural
subunits from x-ray coordinates and then to examine system-
atically all ways to combine these units in a tree of folding path-
ways, based upon the physical hypothesis of a mechanism of
growth and accretion.

These domains are found to be arranged as a structural hi-
erarchy (14), a form of organization in which each component
of interest is wholly contained in a higher-level component. It
turns out that there is more than a single potential pathway for
assembling the protein from its domains in the cases we have
studied, but it is always a number small enough to be exhaus-
tively explored by a computer program.

In this report, we describe conclusions about protein folding
that emerge from our analysis of the combinatorics of subunit
assembly.

IDENTIFICATION OF COMPACT UNITS

To identify all compact contiguous-chain segments of any size
from x-ray coordinates, every segment is represented by the
inertial ellipsoid of its atoms other than hydrogen; the most
compact ellipsoids are then selected.
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The inertial ellipsoid of a set of atoms is a smooth, convex
body superimposed upon the atoms and having the same rigid-
body dynamics (15-17). That is, the ellipsoid has the same prin-
cipal moments of inertia as the set of atoms. The area and vol-
ume of the ellipsoid are readily calculated. Richards (18) has
shown that the ratio

surface area of the protein
area of the inertial ellipsoid

is approximately constant, at least for whole proteins.

To develop a complete set of compact units, we consider all
chain segments of fixed length, n, as n increases uniformly: n
= 8,12,16,...,L, the length of the entire monomer. For each
nthereare L — n + 1 possible segments of that length; we refer
to these as n-tuples. We have determined the inertial ellipsoid
of each n-tuple and calculated its geometric properties.

Fig. 1is a series of normalized curves for two proteins. Each
curve shows the specific volume of the n-tuple of indicated size
plotted as a function of the position in the sequence. For each
protein the n-tuples range from 8-mers up to whole monomers
in graduated steps.

The most compact units are taken to be those local minima
in Fig. 1 for which the absolute value of the specific volume is
within the lowest 10% of all values for n-tuples of equal length.
Compact units recognized in this way are indicated by a circle
at their central position and by a horizontal bar spanning their
length.

The primitive compact units discovered by this procedure
depend upon a parameterized acceptance level, which here is
chosen to be within 10% of the absolute minimum. Relaxation
of this parameter would yield a larger set of primitive units. The
inclusion of an additional factor to correct for side-chain vari-
ation within the n-tuple would result in a more intelligent se-
lection strategy, but we have postponed such refinement be-
cause the simple 10% rule does a clean job of selecting the Mb
helices as primitive compact units.

We have examined other geometric criteria for compactness
including minimal volume, minimal area, maximal density, and
minimal ratio of area to volume. Although alternate criteria and
different threshholds generate slightly different sets of compact
units, these variations are minor and do not affect any of the
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conclusions presented here. All of these measures are corre-
lated with indices for compactness used by other groups (19,
20).

Casual inspection of the family of curves for a given protein
in Fig. 1 suggests that a set of contiguous residues may be part
of many compact units of different lengths; compact units at one
level are often contained within larger compact units at the next
level. These interunit relationships are examined in the next
section. Ciritical to this stage of the analysis is assurance that no
compact unit is overlooked; this was achieved by systematically
testing every possible segment of contiguous chain.

PATHWAYS BETWEEN COMPACT UNITS

We turn now to the question of how compact units are packaged
for inclusion in the native structure. In Fig. 1 it can be seen that
a chain segment comprising a small unit is generally also part
of larger units, thereby giving rise to the hierarchic organization
discussed earlier. The inclusion trees of Fig. 2 elaborate all the
ways in which these inclusions occur.

It is hypothesized that the tree structures presented in Fig.
2 correspond to potential folding pathways. The geometric re-
lationships among compact units suggest assignments of specific
roles in the folding process.

Unit growth. A unit may be wholly contained within the next
consecutively larger unit. This situation occurs when succes-
sively larger compact n-tuples in the crystal structure are
embedded within a given compact unit. In the underlying fold-
ing dynamics, this process might correspond to growth about
a nucleation center.

Condensation. Compact units may merge. This situation oc-
curs when two or more distinct compact units in the crystal
structure are included within a common larger unit. In the fold-
ing process, it would correspond to a mutually stabilizing in-
teraction between distinct structural intermediates.

A unit may be unlinked to other compact units on higher lev-
els of the tree. This corresponds to a compact unit in the crystal
structure that is not contained in any larger unit. In the proteins
analyzed, such units contain smaller embedded units that fall
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into the above two cases. In the folding process, this situation
corresponds to growth of a compact unit as an alternative to
condensation. Such a unit is termed a “dead end.”

As a final possibility, a unit may dissolve. In this case, the
unit will not be in evidence in the crystal structure and would
not be found by our procedure. In the folding process, such
units would come about as nonproductive equilibrium inter-
mediates that are ultimately unfolded as the whole set of low-
stability equilibrium intermediates is pulled in the direction of
successfully folding transition states (9).

Condensation and growth account for most of the paths that
we observe.

The inclusion tree for a protein depicts all relationships be-
tween compact units consistent with the observed crystal struc-
ture. In these trees, the complete set of compact units is gen-
erated as described (Fig. 1), and all paths between related units
are drawn, as shown in Fig. 2.

In Fig. 2, each compact unit is placed in a two-dimensional
array with its sequence interval on the abscissa and its unit size
on the ordinate; the central position is marked with a circle.
Lines of connectivity are then drawn between the units.

We distinguish three types of unit connectivity in the inclu-
sion trees shown in Fig. 2.

(i) Growth (heavy dashed line). A unit is connected to a larger
unit by a heavy dashed line if the smaller is the only compact
unit contained within the larger. The larger unit is thus com-
posed of the smaller unit together with other less-compact
material.

(#) Condensation (solid line). Two or more units are con-
nected to a larger unit by a heavy line if the larger one contains
all the smaller ones, if no subunit of the larger unit also contains
the smaller ones, and if the smaller ones are distinct. Conden-
sation occurs by the merging of two or more separate compact
units.

(ii3) Condensation and growth (light dashed line). A given unit
is connected to a larger unit by a light dashed line whenever
the larger unit is a condensation of the unit in question and at
least one other unit that is “similar.” Units are deemed to be
similar whenever they differ in length by no more than four
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amino acids and overlap by at least 50%. This process is more
akin to growth than to condensation.

The procedure described here discovers all hierarchic paths
of self-association between compact units. Inspection of the con-
necting paths in Fig. 2 reveals that many of the paths are similar
in the general topology of their interactions and differ only in
details. It is therefore possible to simplify the diagram by choos-
ing only a single member to represent such a group.

In Fig. 3, we have abstracted representative nodes from the
diagrams in Fig. 2 to form simplified inclusion trees. Each cho-
sen representative is an actual node and is used in lieu of a clus-
ter of similar nodes. These representative nodes are selected
as follows. () In the case of a growth pathway (heavy dashed line),
the largest unit that is not a dead end is taken as the repre-
sentative. (ii) In the case of either a condensation pathway (solid
line) or a growth and condensation pathway (light dashed line),
the smallest node containing the same set of compact units is
taken as the representative. These simplified trees are used for
comparisons in the next section.

RESULTS

The method described in the preceding sections delineates the
hierarchic folding paths between all compact, contiguous-chain
units by using x-ray coordinates. With this method, we exam-
ined Mb and RNase. Each has been extensively studied both
experimentally (21, 22) and in calculations (23-28).

Ptitsyn and Rashin (23) and later Richards and coworkers (24,
25) and Cohen et al. (27, 28) studied the folding of Mb helices.
Ptitsyn and Rashin were specifically interested in hierarchic
pathways.

An important aspect of the method presented here is that it
does not require preidentification of the helical regions in Mb.
Instead, the algorithm finds all compact units of minimum size,
which, in the case of Mb, are the helices. The method is thus
directly applicable to any x-ray protein structure.

The simplified inclusion tree for Mb (Fig. 3) can be compared
with the pathways of self-organization described by Ptitsyn and
Rashin (23) for this molecule. For example, it can be seen from
Fig. 3 that the A helix cannot be merged with either B or BCD
to form a compact unit; the smallest compact unit containing
A is ABCDE. Additional differences are also apparent in Fig.
3.

Némethy and Scheraga (26) proposed a folding pathway for
RNase by examination of the contact map. Based on their folding
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node in a simplified tree represents a group of similar nodes in the com-
plete tree shown in Fig. 2.
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model (29), they suggested that the relative formation time of
conformational intermediates can be read from the contact map
by beginning at the diagonal and proceeding outward. Such a
scheme is implicitly hierarchical.

We find the starting set of compact units for RNase in Fig.
3 to be approximately the same as that seen by Némethy and
Scheraga, with the qualification that their region B corresponds
to our regions B and C. However, we do find instances in which
their postulated intermediates are not compact units by our
criteria, possibly because a single intermediate may manifest
itself as multiple sites of pairwise association on a contact map.
We also find a larger number of possible pathways of self-as-
sociation between units, all leading to the native structure.

DISCUSSION

In this paper, an algorithm to identify all compact structural
units within an x-ray elucidated globular protein is introduced.
The comprehensive set of hierarchic folding pathways for these
units is then developed.

It was shown that the larger domains arise from combinations
of smaller domains in an interative fashion. Every such unit is,
by definition, a contiguous stretch of the linear polypeptide
chain. This result both confirms earlier observations of hier-
archic organization in proteins (4, 5) and identifies the full set
of compact contiguous-chain units that serve as building blocks
for the final protein structure.

The existence of hierarchic ordering in proteins implies that
the structural interaction between domains is limited, in large
part, to a superficial interdigitation of residues at the domain
interface. The bringing together of domains in this way can
minimize any change in backbone entropy upon association. In
this view, the domains observed in the native protein are rem-
nants of structural intermediates in the folding process, and they
come about because the polymer chain organizes itself during
folding so as to preserve the identity, although not necessarily
the conformation, of these intermediates. Stated in terms of the
folding process, residues that are near each other in space in
the native structure will either be neighbors in the sequence
or will have come together through a series of condensation
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steps between intermediates composed of continuous stretches
of the polypeptide chain.

The hierarchic organization of domains is structural evidence
in favor of a model of folding by hierarchic condensation (9). In
this model, neighboring hydrophobic chain elements interact
to form folding clusters (2, 3), with further stepwise cluster as-
sociation giving rise to a population of folding intermediates.
The complete set of folding pathways leading to the native state
can be described by a folding tree with nodes that correspond
to one of these intermediates, as depicted in Fig. 4. Upon com-
pletion of folding, the intermediates would then be seen as
structural domains in the native structure.
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