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ABSTRACT We developed a method CHOP
dissecting proteins into domain-like fragments.
The basic idea was to cut proteins beginning from
very reliable experimental information (PDB), pro-
ceeding to expert annotations of domain-like re-
gions (Pfam-A), and completing through cuts based
on termini of known proteins. In this way, CHOP
dissected more than two thirds of all proteins
from 62 proteomes. Analysis of our structural
domain-like fragments revealed four surprising
results. First, >70% of all dissected proteins con-
tained more than one fragment. Second, most
domains spanned on average over �100 residues.
This average was similar for eukaryotic and pro-
karyotic proteins, and it is also valid—although
previously not described—for all proteins in the
PDB. Third, single-domain proteins were signifi-
cant longer than most domains in multidomain
proteins. Fourth, three fourths of all domains
appeared shorter than 210 residues. We believe
that our CHOP fragments constituted an impor-
tant resource for functional and structural genom-
ics. Nevertheless, our main motivation to develop
CHOP was that the single-linkage clustering
method failed to adequately group full-length pro-
teins. In contrast, CLUP—the simple clustering
scheme CLUP introduced here—succeeded largely
to group the CHOP fragments from 62 proteomes
such that all members of one cluster shared a
basic structural core. CLUP found >63,000 multi-
and >118,000 single-member clusters. Although
most fragments were restricted to a particular
cluster, �24% of the fragments were duplicated in
at least two clusters. Our thresholds for grouping
two fragments into the same cluster were rather
conservative. Nevertheless, our results suggested
that structural genomics initiatives have to target
>30,000 fragments to at least cover the multi-
member clusters in 62 proteomes. Proteins 2004;
55:678–688. © 2004 Wiley-Liss, Inc.
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INTRODUCTION

Domains Are the Structural Units of Proteins

Although �1% of the proteins in entirely sequenced
archae and prokaryotes is longer than 1000 residues, �7%
of the proteins in the six entirely sequenced eukaryotes
(yeast, fly, worm, weed, human, and mouse) constitute
such large macromolecules.9,10 Undoubtedly, all these
large proteins are built of more than one domain. The term
“domain” is not well defined: many biologists refer to any
consecutive segment, such as a coiled-coil helix or a
nuclear localization signal as a domain. Structural biolo-
gists view domains as semi-independent three-dimen-
sional (3D) subunits that are compact and may fold
independently.11–18 Some structural domains appear to
constitute units that evolve independently.15,19–24 Meth-
ods that automatically assign structural domains from 3D
coordinates identify domains through their compact-
ness.3,7,25–29 Structural domains are often related to par-
ticular functions. Hence, the domain organization of a
protein may contain information crucial for understanding
structure and function. Structural biologists also care
about guessing the domain organization before experimen-
tally solving the structure of a protein, because crystalliza-
tion is more likely to succeed when expressing fragments
that constitute domains,17 and because NMR spectros-
copy—limited by protein length—is more likely to unravel
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the structure for long proteins when dissecting these into
structural domains.30

Progress in Identifying Structural Domains
Without Structures

An increasing number of methods and databases ad-
dress the problem of identifying structural domains from
sequence.2,5,6,31–33 The first automatic method, ProDom,
identified likely domains through “boundaries” in multiple
alignments.4–6 The major problem of basing domain bound-
aries on alignments is that proteins are dissected into too
small fragments6,31; in fact, entirely conserved segments
as captured in the BLOCKS database,34,35 usually span
over short fragments of structural domains. This observa-
tion is by no means self-evident; rather, it points to the
complexity of evolutionary constraints. DOMAINATION,36

which delineates domains through analyzing iterative
PSI-BLAST alignments, explicitly attempts to elongate
domain-like regions. Other automatic methods apply con-
cepts from protein structure prediction (SnapDRAGON),37

statistics about domain size distributions,38 a statistical
approach toward combining various sources of informa-
tion,39 artificial neural networks,40,41 or other ways of
exploring alignment information.42,43 Most recently,
DomSSEA uses information from alignments of predicted
secondary structure segments to identify structural do-
mains.44 Another unique idea is to first predict interresi-
due contacts by exploring correlated mutations and to then
choose the domain so that the quotient intra/interdomain
contact becomes minimal.45 None of these more recent
methods has yet been experimentally verified on a large
scale.

Clustering the Protein Universe Without Domains

Given the explosion of protein sequences, the necessity
to cluster these data becomes increasingly urgent.31,46–51

One of the most practical reasons is to speed up databases
comparisons; another is to reduce the bias and, hence,
sharpen such searches.46,52–56 Maps of the universe of
proteins, such as ProtoNet,57 ProtoMap,49,58 or Bio-
Sphere,47 tend to group proteins with similar function.59

One problem is that such clustering methods typically
begin with full-length proteins. Two groups attempted to
first dissect proteins into domain-like fragments and to
then cluster these fragments through GeneRage42 and
PICASSO51; the GeneRage algorithm fails to handle long,
complex eukaryotic proteins,42,60 and PICASSO is not
available for public testing.

Here we introduce a hierarchical approach for chopping
proteins into fragments that resemble structural domains
(CHOP, Fig. 1). The hierarchy imposed begins from the
most reliable information (proteins of known structure),
continues to families that are well characterized by ex-
perts (Pfam-A), and finally explores the reliable informa-
tion about N- and C-terminal ends of full-length proteins
that have been characterized experimentally (SWISS-
PROT). The objective is not to obtain all domain bound-
aries, but rather to identify only those boundaries for
which we are confident; 70% of the proteins from 62
entirely sequenced organisms can be dissected by CHOP;
the length distribution of CHOP fragments resembles that
of known structural domains. Next, we clustered all these
fragments and unchopped full-length proteins (CLUP).
The CHOP fragments and the CLUP clusters have been
successfully applied to the target selection process in

Fig. 1. Concept of CHOP. We dissect proteins in a hierarchical manner beginning from PrISM/PDB
domains3,96,97 [i.e., very reliable data about boundaries of structural domains (CUT1)]. If we find a similarity to
many PrISM domains, we use the longest to chop (P12). For the example shown, this leaves us with two
fragments (P11 and P13) to be processed. The next step (CUT2) is the identification of matches in Pfam-A2. In
the example, fragments P21, P23, and P25 remain; all three are aligned to all SWISS-PROT proteins and are
cut further if we find full-length proteins in SWISS-PROT the N- or C-termini of which align to part of the
fragments (longest alignment that covers �80% of the SWISS-PROT protein). In the example, this dissects
P25 into P36, P37 and into two undigested fragments P35 and P38.
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North East Structural Genomics Consortium (NESG, http://
www.nesg.org/) and are publicly available through an
SRS61 interface at http://cubic.bioc.columbia.edu/srs/60;
data in flat files format will also be available on request).

RESULTS
Most Proteins Had More Than One Fragment

We applied hierarchically the three steps of CHOP (Fig.
1) to all proteins/ORFs from 62 entirely sequenced organ-
isms (Table in Supplement): 164,433 (69%) of the 238,492
proteins were dissected by CHOP. More than 70% of these
chopped proteins had more than one fragment [Fig. 2(A)].
As expected, eukaryotes have fewer single domain pro-
teins than do prokaryotes and archae [Fig. 2(A), inlet;
detailed graph in Fig. S3, Supplement). In contrast to
these data, most of the 30,309 PDB chains available in fall
2003 constituted single-domain proteins (18,292 � 60%).
However, structural biologists have strong incentives to
choose domain-like proteins and to determine the struc-
ture for fragments of longer proteins. In fact, for one fourth
(4,854) of the seemingly single-domain proteins, we found
the corresponding proteins in SWISS-PROT to be at least
50 residues longer than the PDB version. Assuming that
these do then also constitute multidomain proteins, �45%
(13,438) of the PDB proteins have single domains. One
extreme case of a mega multidomain—Drosophila melano-
gaster protein bt (flybase identifier: FBan0001479) with
7,107 residues—was chopped into 79 fragments. This is
not surprising, because bt is a member of the titin family,
well known for its titanic usage of immunoglobulin-like
and fibronectin type 3 (Fn3) domains.62 The longest hu-
man protein in our data set was the ovarian cancer-related
tumor marker CA125 (TrEMBL id q8wxi78) with 11,721
residues; it was cut into seven fragments in its middle,

whereas the C-terminus remained uncut for almost 9,000
residues; �2,000 of the residues were in low-complexity
regions, distributed more or less equally over the entire
protein.

Most Domains Span on Average Over �100
Residues

When averaging over the lengths of all proteins with N
CHOP fragments, we observed that the number of CHOP
fragments was directly proportional to the protein length
Fig. 2(B)]. On average, most CHOP fragments for multifrag-
ment proteins stretched over �106 residues [slope of
linear fit in Fig. 2(B)]. When we compared structurally
known PrISM domains on the same plot, we noted a very
similar slope [Fig. 2(B)]. Although the fit for PDB proteins
was supported by less data, in particular for proteins with
many domains, the two fits were strikingly parallel, sug-
gesting that our result was not caused by the lack of
precision and/or completeness of the CHOP procedure. The
linear fits also unraveled another surprising observation:
single CHOP fragments from the 62 proteomes extended
over �256 residues, and those from PrISM domains ex-
tended over 163 residues. Both numbers were significantly
larger than the averages for subsequent domains in mul-
tidomain proteins. Thus, N-1 domains in proteins with N
domains extend over 97–106 residues, whereas one ex-
tends over 163–256 residues. (Note that the average
length of the first fragment exceeded 300 residues for
eukaryotic proteins.63) To establish that this unexpected
finding was not caused by the particular way of presenting
the data (average length vs. number of domains), we
pooled all domain-like fragments and randomly “as-
sembled proteins” according to the observed distributions
for the number of fragments per protein (data not shown).

Fig. 2. Fraction of proteins chopped and number of fragments per protein. A: Distribution of number of
CHOP fragments per protein/ORF; for example, although CHOP is incomplete, we found that 70% of all
chopped proteins appeared to have more than one structural domain-like fragment. The inlet shows the
percentages of single-domain proteins for eukaryotes, prokaryotes, and archae; the bars mark the minimal and
maximal numbers within each kingdom (more details in Fig. S3, Supplement). B: Relation between number of
fragments and protein length: on average, the number of CHOP fragments appeared to increase linearly with
protein length. The line constituted a linear regression fit of L � 150 � 106 N (R � 0.99, with L being the length
of the protein and N the number of fragments). For comparison, the average length of PDB proteins also
increases with the number of domains they have, with linear fit of L � 65 � 97 N (R � 0.979).
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As expected, this control experiment yielded a line passing
through 0. Thus, our finding is not explained by the
particular presentation of the data. Thus, the detailed fit is
likely to constitute a more precise estimate of the average
length of a structural domain than the one that is obtained
from compiling a simple average over all domains cur-
rently annotated in PDB.

47% of the Fragments Were Similar to PrISM and
Pfam-A

The number of domains for proteins of known structure
fully agrees for only 40% of all proteins contained in
PDB/PrISM and Pfam-A; for �10% of the common pro-
teins, PrISM/PDB and Pfam-A disagree by more than two
domains (Fig. S2, Supplement). Because our goal is to
generate structural domain-like fragments, we favored the
structure-derived (PrISM/PDB) over the sequence-derived
(Pfam-A) domain assignment. PrISM domains were the
origin of 20% of all CHOP fragments [Fig. 3(A)]. Only
about 15% of all 499,465 CHOP fragments constituted
full-length proteins (i.e., were never touched by our hierar-
chical procedure) [Fig. 3(A)]. These untouched, full-length
proteins covered �22% of all residues [Fig. 3(B)]. Con-
versely, �20% of the fragments originated from known
structures (PrISM domains). Overall, �47% of all CHOP
fragments appeared supported by very conservative data;
these fragments covered 41% of all residues.

Lengths of CHOP Fragments Resembled Structural
Domains

Are the remaining fragments and the uncut full-length
proteins similar to structural domains, or did we simply
not find the necessary data to dissect these? Although we
could not answer this question conclusively, the length
distribution of the remaining fragments suggested that at

least, on average, these differed significantly from the
whole set of full-length proteins (Fig. 4). In fact, the major
problem in terms of length distribution appeared the
overrepresentation of fragments shorter than 50 residues
in the set of fragments that remained after chopping. In
contrast, the length distribution of those full-length pro-
teins that had not been chopped at all appeared more
similar to Pfam-A regions than to the entire set of all
full-length proteins. In other words, these untouched
proteins constituted a subset of short proteins, many of
which might in fact have single domains. The length
distribution of all CHOP fragments (including the short
remaining fragments and the untouched proteins) were
most similar to the Pfam-A distribution in which short
(50% shorter than 106 residues) and long fragments
(�350) are overrepresented in comparison to “real” struc-
tural domain as taken from PrISM. The obvious outliers
were the fragments obtained through homology to full-
length SWISS-PROT proteins: these tended to be much
longer than fragments chopped according to PrISM (Fig.
4). However, because they accounted for only 4% of all
CHOP fragments [Fig. 3(A)], they did not affect the length
distribution of all CHOP fragments significantly. The
length distribution for all CHOP fragments was similar for
all three kingdoms (eukaryotes, prokaryotes, and archae;
data not shown). However, we observed significant differ-
ences for those fragments that originated from SWISS-
PROT termini: although almost 30% of the eukaryote
SWISS-PROT fragments were longer than 500 residues,
�5% of the archae and �10% of the prokaryote SWISS-
PROT fragments were as long. Prokaryotic fragments
from Pfam-A were slightly longer than eukaryotic ones,
and long eukaryotic fragments were overrepresented in
both the sets of untouched full-length proteins and that of
remaining fragments (data not shown).

Fig. 3. Sources of chopping. Left: One fifth of all fragments were obtained from homology to PrISM/PDB
domains, and half did not find any similar region to cut; 15% of the fragments were full-length proteins that were
not cut at all. Right: Residue-wise, the PrISM fragments covered 17% of all the 87,732,248 residues in the 62
proteomes; Pfam-A fragments 24%, and 3% of the residues were discarded during the chopping because they
were from fragments that were smaller than 30 residues. In other words, �47% of all CHOP fragments
appeared supported by very conservative data, and they covered 41% of all residues.
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Partial Agreement With SUPERFAMILY
Assignments for Yeast

One difficulty in evaluating the CHOP procedure was
that we used all available information. The method of
cross-validation was not easily applicable because the
different sources of domain dissection overlapped only
partially, and even where they did overlap, we could at
best verify that our procedure was self-consistent (see
above). Therefore, the overall length distribution provided
an independent perspective on the global performance of

CHOP. Lacking unused standards of truth, we compared
CHOP with another method that has implicitly a partially
similar goal, namely, SUPERFAMILY.64 SUPERFAMILY
is a library of hidden Markov models (HMMs) for SCOP
structural superfamilies. SUPERFAMILY contains data
for �100 proteomes; because of CPU restrictions, we had
to limit the comparison to one particular proteome, namely,
yeast, the smallest entirely sequenced eukaryote with
6349 proteins. SUPERFAMILY assigned 4794 domains in
a subset of 3359 proteins. In contrast, CHOP found 6000

Fig. 4. Length distribution of CHOP fragments. Note that except for the controls shown in the cumulative
percentages in the top-right inlet (full-length proteins), all curves described the CHOP fragments (e.g., the thick
black line with filled triangles showed the distributions for fragments that were chopped through similarity to
PrISM domains). “Remain” marks those fragments that remained N- and/or C-terminal from a region cut out
according to similarity to either PrISM domains, Pfam-A regions, or SWISS-PROT termini; “Full-length” mark
proteins that were not touched at all by the CHOP algorithm. Both the cumulative and noncumulative curves for
all CHOP fragments (gray with open circles) were almost indistinguishable from those for Pfam-A fragments.
Fragments cut according to SWISS-PROT termini (4%; Fig. 3) were closer to the distribution of all full-length
proteins (control, light gray with downward pointing triangles) than the subset of proteins that remained
untouched.
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domain-like fragments from PrISM and Pfam-A in a
subset of 3915 proteins. About 72% of the SUPERFAMILY
domains are continuous in sequence (3435); thus, their
domain boundaries were directly comparable to CHOP
fragments: 40% (1380) of these SUPERFAMILY domains
agreed with CHOP fragments (defined as 80% overlap
between both assignments), 30% were significantly longer
than CHOP fragments, and 28% shorter. SUPERFAMILY
associations imply predictions for structure, because SU-
PERFAMILY models are based on proteins of known
structure. The same is true, on average, for only 20% of the
CHOP fragments [Fig. 3(A)]. Therefore, it may appear
surprising that both methods cover such a similar number
of proteins in yeast (3359 by SUPERFAMILY vs. 3915 by
CHOP). The reason is that we apply much more stringent
thresholds in sequence similarity when we fragment a
protein. When we use CHOP fragments to pinpoint puta-
tive targets for structural genomics,63 we add another step
that is conceptually similar to SUPERFAMILY and thereby
increase the coverage to levels more similar to those
achieved by SUPERFAMILY.

Clustering Sequence Space Must Begin From
Fragments

Multidomain proteins constitute the most troublesome
challenge to clustering sequence space. When we ignored
this challenge and single-linkage clustered full-length
proteins from five entirely sequenced eukaryotes (yeast,
fly, worm, weed, and human), we observed that no matter
how we chose the thresholds for the clustering, we ended
up with one big “cluster” that pulled in almost half of all
proteins65 (Table I). Thus, we cannot cluster entire pro-
teomes in a way that ascertains all proteins in one cluster
to have a structurally similar domain-like region without
dissecting proteins into fragments. Could we succeed with
single-linkage clustering if we knew all structural do-
mains? We addressed this question by clustering all
PrISM domains of known structure (47,582): We found 835
clusters with one member (singleton) and 3039 clusters
with more than one. Not surprisingly, the largest cluster
with 2156 members was mostly immunoglobulin related,
and the second largest had 1224 serine proteases/hydro-
lases. Although the results from clustering structural
domains looked much more reasonable than those from
clustering full-length eukaryotic proteins, the largest clus-
ter still contained many unrelated domain pairs (e.g., two

immunoglobulin domains unrelated in sequence). To avoid
this problem, we developed a clustering scheme (CLUP)
that started with proteins that have few homologues and
avoided merging families based on transitive homology.
For the same set of PrISM/PDB domains, CLUP yielded
835 singletons, 4061 multimember groups, the largest of
which had 558 structural domains from serine protease
family. Visual inspection of the largest clusters did not
reveal any grouping of unrelated proteins. Furthermore,
no cluster was degenerate in the sense that each domain
belonged to only one cluster.

Over 63,000 Multimember Clusters From the CHOP
Fragments

We clustered all 499,465 CHOP fragments from 62
entirely sequenced genomes, including those uncut full-
length proteins that were treated as single fragments
(CLUP, Methods). CLUP grouped these fragments into
118,108 single- and 63,300 multimember clusters. About
43% of the multimember clusters had more than three
members, and �13% had �10 members [Fig. 5(A)]1. The
largest cluster contained 3343 members; the seed for this
cluster was an ATP-binding cassette from the ABC trans-
porters. Our premise was that structural domains consti-
tute something like the atom or basic unit of sequence
space. If true, two such units should not occur in different
clusters. We could explicitly build such a constraint into
our clustering scheme. However, the benefit of the simplic-
ity of CLUP was that no such constraint was applied.
Hence, for our clustering scheme, the percentage of ambiv-
alently clustered fragments constituted an indirect mea-
sure for the reliability of the CHOP fragmentation. Most of
the CHOP fragments (76%) were single-cluster fragments,
whereas only 3% of the fragments are associated with
more than three clusters [Fig. 5(B)].

DISCUSSION AND CONCLUSIONS
CHOP Is the First Step Toward Complete Domain
Dissection

On the one hand, CHOP failed to identify all domain
boundaries: 31% of the proteins remained unchopped;
these accounted for 15% of all final CHOP fragments [Fig.
3(A)]. On the other hand, even the remaining CHOP
fragments and those proteins that were not chopped, on
average, were more similar to structural domains than to
full-length proteins (Fig. 4). The obvious difference be-
tween the length distribution of CHOP fragments and
PrISM domains or Pfam-A regions was an abundance of
short fragments. Because this fragmentation was largely
due to the fragments remaining after chopping (Fig. 4), it
is not clear whether these fragments indicated the limita-
tion of the CHOP procedure or simply constituted a large
pool of domain-linking fragments. For example, about one
fifth of the remaining fragments were probably signal

1Incidentally, the distribution of the number of fragments could be
forced to fit a popular power-law Percentage (N) � N�2.3 as the one
intitially proposed by the Harvard linguist George Kingsley Zipf66

to-amongst many other purposes-describe the frequency of English
words and the population density of cities.

TABLE I. Failure of Single-Linkage Clustering for
Full-Length Proteins†

Lg(E value) Singleton
Non-singleton

clusters
Largest
cluster

0 9546 1879 86601
�1 11489 3462 74144
�2 12485 4318 66207
�3 13217 4746 62192
�6 15385 5974 50668

�10 18094 7153 38936
†Data set: all 102,932 proteins from yeast, fly, worm, weed, and
human.
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peptides, and many originated from membrane spanning
helices.9,65,67 We did find some examples in these remain-
ing fragments that appeared to be valid functional regions
rather than just leftover fragments. For example, the
yeast Tup1 protein was dissected by CHOP into a C-
terminal domain (residues 315–713) homologous to the
PDB entry 1ERJ68 and into an N-terminal fragment
(1–315); it has been reported that this N-terminal portion
of Tup1 protein is responsible for the oligomerization of
Tup1 and for mediating the repression of transcription.69

Overall, CHOP fragments appeared not as atomized as
those obtained through prediction from, for example,
ProDom6 or through expert annotation from SMART31,70

(Fig. S4, Supplement). Obviously, the length distribution
of CHOP fragments constituted only a very crude means of
evaluating the reliability of CHOP. However, given the
nature of our procedure (we used all reliable information
to chop), we had no data left that enabled a more compre-
hensive evaluation. Cross-validating our procedure by
chopping according to Pfam-A and SWISS-PROT only for
proteins of known structure confirmed that CHOP was
somehow consistent. However, even this cross-validation
was somehow circular. The CHOP procedure never dis-
sected proteins without strong evidence; this reduced the
data set considerably without introducing too many mis-
takes. Currently, we work on the next step, namely, the
development of a de novo prediction of domain boundaries
that may help to distinguish “single domain” from “uncut
because of lacking homology” for the remaining fragments
and for the untouched full-length proteins.

Most Proteins Had More Than One Structural
Domain-Like Fragment

On average, we found a CHOP fragment for every 106
residues [Fig. 2(B)]. Thus, most of the proteins from the 62
entirely sequenced organisms contained more than one
domain-like fragment; in fact, �70% of the proteins that

could be chopped had multiple domain-like fragments [Fig.
2(A)]. This number is significantly higher than the multido-
main proteins previously described in E. coli (6% with 2–4
domains),71 and it also exceeds the percentage of multido-
main proteins analyzed in a detailed comparison of struc-
tural known enzymatic domain “mosaics” (32%).21,72 Sup-
posedly, the latter differs so much from what we observed,
because it is biased by the bias of known structures in
PDB: most PDB proteins appear to be single-domain
proteins.7 However, we observed that the bias toward
single-domain proteins in PDB partially originated from
the fact that proteins are often cut to determine structure:
�44% of our PrISM domain set appeared to correspond to
single-domain proteins. Supposedly, our estimate of that
ratio of single/multidomain proteins provides a lower limit
to the real number, because the CHOP algorithm misses
domains that have not been characterized previously.

Do Domains From Single and Multidomain
Proteins Differ?

Given the CHOP algorithm, fragments left and right of a
structural domain will often be too short (e.g., a signal
peptide or a few helices before the globular domain in
G-coupled receptors), we expected that the relation be-
tween length and number of fragments differed between
single- and multifragment proteins. More specifically, we
expected that this leftover effect would be more extreme
for proteins with two than for those with five fragments
(less leftover). Although the data confirmed the expected
tendency, we observed that the number of CHOP frag-
ments was directly proportional to the protein length [Fig.
2(B)]. In fact, on average, CHOP fragments for multifrag-
ment proteins stretched over �106 residues [slope of
linear fit in Fig. 2(B)], whereas single-fragment proteins
were �256 residues long (value of fit for N � 1). We might
argue that this difference between the average lengths of
single- and multi-fragment proteins originated from the

Fig. 5. Cluster sizes and degeneracy. A: For the subset of multimember clusters, 41% have two, about two
thirds more than four, and �13% �10 members. B: Most CHOP fragments (76%) were associated with a
single cluster (not degenerate), whereas only 3% of the fragments were associated with more than three
clusters (highly degenerate).
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leftover problem. However, this interpretation was not
consistent with the data, because the leftover effect be-
tween proteins with two and five fragments appeared
negligible. Did this suggest that there really is a genuine
difference between the domains used in single- and those
used in multiple-domain proteins? Is it maybe less expan-
sive to shuffle short domains than long ones? Do proteins
need a minimal length for entropic reasons to fold? Are
shorter domains relics from ancient, longer domains? Or
do catalytic functions require a minimal length and do
many of the shorter domains in multidomain proteins
increase the complexity of regulation?73 Our data could
not shed light onto these speculations.

CHOP Procedure Rather Robust With Respect to
Local Parameter Changes

The two major parameters for the CHOP procedure are
the minimal coverage of a known domain (i.e., the minimal
fraction of a PrISM or Pfam-A region that we require to be
similar in sequence to chop) and the minimal level of
sequence similarity. By default, we required 80% coverage
of and BLAST E-values �10�3. However, the overall
number of fragments did not alter significantly when
modifying these parameters. For example, the number of
CHOP fragments varied only 0.3% when the coverage
threshold was changed from 90% to 70%, and 0.6% when
changing the BLAST E-value from 10�3 to 10�1 (Fig. S1,
Supplement). We also checked the consistency of the
sources for chopping by chopping according to only one
source and verifying the fragments with another. The
domain boundaries from similarity to SWISS-PROT pro-
teins were rarely in conflict with those from similarity to
PrISM domains (0.2%) and Pfam domains (1%). For pro-
teins that could be chopped according to both PrISM and
Pfam-A, the number of domain-like fragments resulting
from applying the two methods independently was largely
consistent: 40% of the proteins showed no difference, and
34% differed by one domain (Fig. S2, Supplement). When
the two methods differed substantially, often Pfam-A
detected multiple copies of a repeat, whereas PrISM
treated them altogether as one structural domain. Ex-
amples for this are typically very short fragments such as
helix-turn-helix motifs, or the Pfam-A dissection of beta-
helices into single helices annotated independently. We
removed some of such cases by introducing another param-
eter that removed all Pfam-A entries shorter than 30
residues. Thus, overall CHOP was rather consistent and
fairly robust to local parameter changes.

CLUP Succeeded Somehow in Clustering Protein
Space

Previously, we showed that single-linkage clustering
failed to generate reasonable clusters from full-length
eukaryotic proteins.60 In this study, we demonstrated the
failure of such a simple clustering scheme more systemati-
cally (Table I). Even when clustering PDB domains with
single linkage, we found many unrelated protein pairs in
the resulting clusters. We presented a novel clustering
scheme that did not merge clusters based on transitive
homology. Overall, CLUP yielded clusters that were reason-

able by the following criteria: 1) the largest cluster did not
appear to join many completely unrelated proteins; 2) only
�24% of the clusters had cross-relations (i.e., two different
clusters shared one or more fragments); and 3) the overall
length distribution of the clusters appeared reasonable
(Fig. S4, Supplement). As much as CHOP is a first step
toward domain dissection, CLUP is a first step toward
clustering these domain-like fragments. Although systems
such as ProtoNet,57 ProtoMap,49,58 or BioSphere47 explic-
itly map out the protein universe, CLUP has no notion of
distance between two clusters other than that we cannot
merge the two. Instead, CLUP only groups all fragments
that are likely to have some common structural core. We
imagine that systems comprehensively mapping sequence
space could benefit directly from using our CHOP frag-
ments as input to their clustering. On the one hand, the
success of CLUP relies on the fact that CHOP succeeded
in dissecting a reasonable fraction of the proteomes
into domain-like fragments. Much more advanced
and intelligent clustering schemes have been pro-
posed.42,47,49–51,53,57,58,74–76 Some of these seemingly even
cope with the complexity of eukaryotic proteomes. On the
other hand, the advantage of CLUP over more complex
systems may be that the clustering is based exclusively on
pair relations: for example, although ProtoNet and Bio-
Sphere enable the discovery of nontrivial connections, both
advanced systems cannot always “name” the relation
between any pair of proteins in two connected clusters. In
contrast, all pairs in CLUP clusters most likely share a
common structural foldlike region. This feature was cru-
cial to applying CLUP to the task of selecting targets for
structural genomics.63 Our structural domain-like frag-
ments may also constitute good starting points for reduc-
ing the noise in two-hybrid, TAP, and mass-spectrometry
experiments that probe protein–protein interactions be-
tween fragments rather than between full-length proteins.

How Many Clusters of Close Homologues Are
There?

A back-of-the-envelope calculation made Cyrus Chothia
challenge that there are only 1000 different folds in
nature.77 This short note set off an avalanche of alterna-
tive estimates, most of which corrected the number up-
ward.9,78–84. Structural genomics initiatives thrive at
experimentally determining most existing folds.17,83,85–92

How many structures will these initiatives have to deter-
mine to cover fold space? Even if Chothia’s estimate were
right within an order of magnitude (i.e., if there were
�10,000 folds in nature), it has been estimated that
because of technical reasons, structural genomics would
have to determine �2–10 times more structures to get a
representative for each fold.65,83,91,93 However, all these
estimates were based on a number of assumptions general-
izing from statistics about proteins of known structure;
none of these estimates actually clustered sequences and
explicitly selected targets for structural genomics. The
methods that we presented here can be used for target
selection. The only step that remains to actually select
targets for structural genomics is to exclude all clusters for
which we either already have structural information or
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which may not constitute high-priority targets for struc-
tural genomics.63 About 30,000 of the multimember clus-
ters have no obvious sequence similarity to known struc-
tures, hence, could constitute a minimal set of targets for
structural genomics (data not shown). However, CLUP
also created 118K singletons; some of these might find a
connection to the multimember clusters when we know
more protein sequences. Yet, many may eventually sup-
port another daring challenge put forward by Coulson and
Moult,79 namely, that many folds have been realized only
once in evolution. In any case, our clusters of structural
domain-like fragments are likely to constitute a good
starting point for both structural and functional genomics.

MATERIALS AND METHODS
Obtaining Structural Domains From PrISM

Structural domains for PDB1 proteins were extracted by
PrISM.3 We chose PrISM rather than other databases
such as SCOP7 and CATH25 for the following reasons: 1)
All domains defined by PrISM are continuous in sequence.
This was important to us to maximize the probability that
a domain identified by sequence similarity is correct. (2)
Because we have the program locally available, we can
obtain the domain classification in real time (i.e., while
structures are being added to PDB).

Chopping Full-Length Proteins Into Domain-Like
Fragments (CHOP)

CHOP implements three hierarchical steps that were
applied by decreasing confidence in the accuracy of the
information (Fig. 1). In particular, we discarded all frag-
ments from step S that overlapped with fragments identi-
fied in the previous step S-1 (more reliable identification of
domain boundaries). At any step, we discarded fragments
with �30 residues. For the set of all proteins in 62
organisms {P62}, we applied the following three steps.

1. High-reliability: PrISM domains

We applied a pairwise BLAST94 search with each pro-
tein against all PrISM domains (49,300 domains); we
marked all hits at expectation values � 10�2 that aligned
at least 80% of the PrISM domain. If this criterion applied
to more than one PrISM domains, we chose the longest.
Next, we cut these domain fragments from the list of all
proteins and repeated the search with the remaining
fragments until we no longer found any similarity to
PrISM. Note that the new BLAST is no longer strictly
local. Therefore, the repeated search with fragments rather
than full-length proteins may uncover similarities that
were previously overlooked.

2. Acceptable confidence: Pfam families

When comparing the length distribution of public cu-
rated databases of protein families, we found Pfam-A to
come closest to the notion of structural domains.31 There-
fore, we assumed that Pfam-A constitutes the next best
resource to increase coverage in our domain dissection. For
each of the remaining fragments, we searched for similari-
ties in Pfam-A with HMMER95 (global mode, Pfam release
7.0 with 5049 families, threshold 10�2). If a similarity to

any Pfam family was detected for the fragment, we again
dissected it in the same way as before for the PrISM
domains. The procedure was repeated until no homology of
Pfam was detected in any of the remaining fragments.

3. Evolutionary relation unraveled by SWISS-PROT
termini

If the N-terminal N1 residues of protein A are similar to
�80% of an experimentally characterized, full-length pro-
tein B, whereas the N2 C-terminal residues of A find no
similarity in known databases, we have a good reason to
suspect that A has at least two domains. SWISS-PROT8

contains full-length proteins that have typically been
studied independently by experimentalists; in particular,
SWISS-PROT is not prone to “pollution” by short EST
fragments. SWISS-PROT entries marked as “fragment” or
shorter than 30 residues were excluded from our search.
We identified all homologues of full-length proteins con-
tained SWISS-PROT8 through pairwise BLAST searches
with all the remaining fragments (BLAST E-value � 10�2,
covering at least 80% of the SWISS-PROT protein). As
before, we iterated until no similarity remained.

To retain the integrity of domains, we imposed the
restriction that cutting points were only introduced when
the homology covered most (�80%) of the structural
domain (PrISM), domain-like region (Pfam), or full-length
protein. The final set of fragments was the combination of
all fragments identified in the three steps and all remain-
ing fragments that were longer than 30 residues. The
dissection was not sensitive to our choice of parameters
(BLAST E-value of 10�2 and coverage of 80%).

Clustering CHOP Protein Fragments (CLUP)

Our goal for the final clustering is that all members of
one cluster share a region of common structure that
basically spans an entire structural domain. We ap-
proached this goal by clustering all the fragments (and
uncut full-length) proteins obtained from CHOP. Toward
this end, we simply ran an all-against-all PSI-BLAST94

search with a threshold E-value � 10�3. The final cluster-
ing step involved the following iteration.

1. Initialize

Put all CHOP fragments onto a stack C, sort (a) according
to number of homologues found by PSI-BLAST (ascending),
and (b) by ascending sequence length. In other words, we
began with the smallest group and the shortest sequence.

2. Iterate

Select the first fragment from the stack (small group, short
sequence), consider it as seed, and create a cluster that
contains this seed and all related fragments. Finally, remove
the seed and all the related fragments from the stack. Note
that although seeds and related fragments that are removed
from the stack at this point may still become members of
other clusters, they will not seed any other cluster.

3. Repeat until completion:

We repeat step 2 until no fragment is left in our stack.
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4. Merge clusters

Two clusters are merged if homologous regions of any
common member with regards to the seeds significantly
overlap (80%).
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