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In the postgenomic era, one of the most interesting and important chal-
lenges is to understand protein interactions on a large scale. The physical
interactions between protein domains are fundamental to the workings
of a cell: in multi-domain polypeptide chains, in multi-subunit proteins
and in transient complexes between proteins that also exist indepen-
dently. To study the large-scale patterns and evolution of interactions
between protein domains, we view interactions between protein domains
in terms of the interactions between structural families of evolutionarily
related domains. This allows us to classify 8151 interactions between
individual domains in the Protein Data Bank and the yeast Saccharomyces
cerevisiae in terms of 664 types of interactions, between protein families.
At least 51 interactions do not occur in the Protein Data Bank and can
only be derived from the yeast data. The map of interactions between
protein families has the form of a scale-free network, meaning that most
protein families only interact with one or two other families, while a few
families are extremely versatile in their interactions and are connected to
many families. We observe that almost half of all known families engage
in interactions with domains from their own family. We also see that the
repertoires of interactions of domains within and between polypeptide
chains overlap mostly for two speci®c types of protein families: enzymes
and same-family interactions. This suggests that different types of protein
interaction repertoires exist for structural, functional and regulatory
reasons.
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Introduction

Protein domain interactions are essential to the
functioning of individual cells and whole organ-
isms by acting in several ways: domain-domain
interactions in multi-domain polypeptide chains,
inter-chain protein interactions in obligate com-
plexes such as multimers and in transient com-
plexes between proteins that can also exist
independently. Therefore, it is not surprising that
protein interactions have been extensively investi-
atics/Proteomics,
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Data Bank; SCOP,

.
ing author:
gated using a variety of methods. The physical and
chemical properties of domain interfaces have been
studied by computational analysis of the entries in
the Protein Data Bank (PDB; Bernstein et al., 1977)
by Argos (1988), Chothia and co-workers (Janin
et al., 1988; LoConte et al., 1999) and Thornton and
co-workers (Jones & Thornton, 1997; Jones et al.,
2000). The interactions between individual proteins
in cells have been studied using genetic and bio-
chemical methods for many years, and for yeast,
the results of the individual experiments have been
collected in the MIPS database (Mewes et al., 2000;
http://www.mips.biochem.mpg.de/proj/yeast/
tables/interaction/index.html). Recently, protein
interactions in yeast have been studied on a large
scale by Ito et al. (2000) and Uetz et al. (2000).
There have been various computational methods
for predicting protein interactions in whole gen-
omes, for instance by Ouzounis and co-workers
# 2001 Academic Press



930 Mapping Protein Family Interactions
(Enright et al., 1999; Tsoka & Ouzounis, 2000) and
Eisenberg and co-workers (Marcotte et al., 1999).
The coverage and error rates of these methods
vary for prediction of physical interactions. A
method based on gene fusion, similar to that of
Enright et al. (1999), has been compared to other
prediction methods by Huynen et al. (2000).

While all the work mentioned above is con-
cerned with interactions between individual pro-
teins, we take an entirely new perspective and
view protein interactions in terms of whole protein
families that interact with each other. We use the
protein families that are classi®ed as superfamilies
in the Structural Classi®cation of Proteins (SCOP)
database (Murzin et al., 1995). This has the advan-
tage that we can classify the 8151 interactions
between individual domains in terms of about 664
types of interactions between pairs of protein
families. This way, we learn about how the
interactions between protein families are organised
on a large scale, and obtain an overview of their
evolution.

Results and Discussion

The protein family interaction map

The interactions between protein families are
derived from classifying the interactions between
domains of known three-dimensional structure in
the Protein Data Bank, and those of domains
assigned to yeast proteins by homology, into types
Table 1. Family interactions within and between polypeptide

No. of interaction
partner families

No. of families within
chains in the PDB
(intramolecular)

No. of families
chains in the PD
(intermolecular

1 253 350
2 52 41
3 13 12
4 4 4
5 3 4
6 6 1 Membrane all

7 1 NAD(P)-binding
Rossmann fold domains

1 NAD(P)-bind
Rossmann fold

8

9

13 1 P-loop nucleotide
triphosphate hydrolases

1 Trypsin-like s
proteases

14 1 Immunoglobulins 1 P-loop nucleo
triphosphate hy

15

18 1 Immunoglobu

Total number of non-
redundant pairwise
interactions:

278 405

In this Table, each family in the PDB and yeast is viewed separa
summed for all the domains in each family. For instance, if one fam
a domain from a different family, the number of interaction partner
the second row of Table 1. The SCOP names of the most versatile f
the bottom row of the Table is the total number of different pairs of
of interactions between pairs of protein families.
We use pairs of yeast polypeptides that are known
to interact from experimental data, and the protein
domain families are derived from the Structural
Classi®cation of Proteins database (Murzin et al.,
1995), a hierarchical classi®cation of all domains of
known three-dimensional structure. Please refer to
the Methods section below for the details of our
procedures for determining interactions between
domains and families. The resulting graph of
family interactions is shown in Figure 1, and the
detailed numbers of interactions in Table 1.

Figure 1 and Table 1 show that most families
only engage in a few types of interactions: they
only have one, two or three other families with
which they interact. A few families are very versa-
tile in their interactions and combine with many
other families, so that they are hubs in the graph of
family interactions. This is not because there are
more instances of proteins in these families in the
database: there is no correlation between the num-
ber of individual domain interactions in the PDB
and yeast and the number of interactions the
family as a whole engages in, as shown in the
graph in Figure 2. The versatile families are special
for functional reasons: the P-loop nucleotide tri-
phosphate hydrolases because they are kinases and
transferases as well as providing energy for reac-
tions or motion, the immunoglobulins due to their
role in the immune system and in cell-adhesion
proteins, the protein kinases due to their diversity
in substrates, and so forth.
chains in the PDB and yeast

between
B

)

No. of families within
chains in yeast
(intramolecular)

No. of families between
chains in yeast
(intermolecular)

123 41
25 6
5 2
2
2

-alpha 1 NAD(P)-binding
Rossmann fold domains

ing
domains

1 Protein kinases (PK),
catalytic core
1 P-loop nucleotide
triphosphate hydrolases

erine

tide
drolases

1 ARM repeat

1 P-loop nucleotide
triphosphate hydrolases

lins

136 55

tely, and the number of different interaction partner families is
ily F has two domains, a and b, and each of these interacts with
families for F will be two. All such families will be entered into
amilies are given. The number of non-redundant interactions in
families seen to interact.
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It is worth noting that the shape of the graph of
family interactions in Figure 1, and the form of the
distribution of family interactions in Table 1, are
those of a scale-free network, where the probability
of a node being connected to k other nodes is given
by P(k) � Akÿg. The ®t to the power law with
A � 0.34 and g � 1.6 is shown in Figure 3, and has
a coef®cient of determination of 0.88. Distributions
of this form, which is similar to Zipf's law, have
been found to apply in a variety of other protein-
related situations, such as the number of proteins
with increasing numbers of transmembrane helices
in genomes (Gerstein, 1998), the occurrence of oli-
gonucleotide words (Konopka & Martindale, 1995;
Flam, 1996) and the occurrence of sets of protein
structures (Bornberg-Bauer, 1997). In contrast to
these cases, the power law distribution in our net-
work refers to interactions rather than the occur-
rence of individual biological elements. The
network presented here will expand as new struc-
tural families enter the Protein Data Bank, but
there is no reason to expect the form of the net-
work to change.

This type of distribution, a scale-free network,
has recently been described for metabolic path-
ways (Jeong et al., 2000) and the World-Wide Web
(Albert et al., 2000). Indeed, when we look at the
interactions between individual yeast proteins
rather than families, the resulting network has a
very similar appearance to that of protein family
interactions. In the same way that exponential dis-
tributions characterise the sequence and structure
family distributions of individual proteins
(Teichmann, 1999; Wolf et al., 2000), many different
types of networks of proteins may turn out to be
scale-free. In our family interaction network, this
must be due to the evolutionary pressures on the
different types of families. In other biological net-
works, such as metabolic pathways or individual
protein interactions, the form of the scale-free net-
work means it is robust and tolerant to error,
because many of the nodes that are not highly
connected can be removed without damaging the
network very much.

The interactions common to the intermolecular
and intramolecular family
interaction repertoires

The family interactions in the PDB and in
yeast can be divided into two repertoires: the set
of domain interactions within polypeptide chains
(intramolecular) and the set between polypeptide
chains (intermolecular). (These are distinguished
by the thick or thin broken or continuous lines
connecting the families in Figure 1, and the
different types of interactions are listed separ-
ately in Table 1.) Comparing the intramolecular
and intermolecular repertoires is of interest to
see whether types of domains that interact
within polypeptide chains also do so when on
different polypeptide chains. Gene fusion
(Enright et al., 1999) and the co-existence of
domains within proteins (Marcotte et al., 1999)
have been used by other authors as a means of
predicting interactions between proteins. Tsoka
& Ouzounis (2000) point out that gene fusion
events most frequently take place between meta-
bolic enzymes. We can shed light on the extent
and the functional category of the domain inter-
actions that take place within as well as between
polypeptide chains, by investigating the overlap
between the intramolecular and intermolecular
repertoires of protein family interactions.

From a physical perspective, there is little differ-
ence between multi-domain and multi-subunit
interactions (Argos, 1988; Janin et al., 1988; Jones
et al., 2000). The protein interfaces of complexes of
proteins that can also exist independently differ
somewhat from multi-domain and multi-subunit
proteins in that they are less hydrophobic
(LoConte et al., 1999; Jones & Thornton, 1997). The
main difference between intramolecular and inter-
molecular interactions between domains is func-
tional: domains on the same chain are always
expressed together as well as being localized
together. Co-regulation and co-localisation can be
advantageous for certain independent polypep-
tides that are part of the same enzyme, oligomer or
protein, or some enzymes in a multienzyme com-
plex. However, being encoded by separate genes
has the advantage that they can then be indepen-
dently regulated, for instance to modulate ¯ow
through a metabolic pathway.

The extent to which the two repertoires over-
lap for the combined set of yeast and PDB inter-
actions encompasses 103 types of interactions:
this is 31 % of the 330 family interactions within
and 24 % of the 435 family interactions between
polypeptide chains. As shown in Figure 4, of
these 103 interactions, 60 are interactions
between domains from the same family, as dis-
cussed in the next section, and 33 are between
domains of enzymes involved in small-molecule
or macromolecular metabolism. The remaining
ten family interactions can be classi®ed as fol-
lows: two are between domains in transcription
factors, two are between domains in electron
transfer chain proteins, four are miscellaneous
and only two are in signal transduction proteins.
Both of the family interactions in signal trans-
duction proteins involve the very common
P-loop nucleotide triphosphate hydrolase family.
These results suggest that the functional con-
straints on domains within polypeptide chains
have divided the repertoire of intramolecular
and intermolecular interactions into distinct sets.
The overlap is heavily biased to speci®c types of
family: interactions between domains from the
same family (as in oligomers) and enzyme
domains, where the domains can exist indepen-
dently or as part of a large multi-domain pro-
tein.

This bias is not due to a lack of families involved
in signal transduction in our data set. For instance
the following three families in the top right quarter



Figure 1 (legend shown opposite)



Figure 1. Family interaction maps. Each family is represented by a shape according to its class in the SCOP data-
base and identi®cation number in version 1.48 of SCOP. (Ellipses: all-a; rectangles: all-b and small proteins; triangles:
a/b; diamonds: a � b; pentagons: multidomain proteins; hexagons: membrane and cell-surface proteins.) The size of
the shape of a family is proportional to the number of family interactions it undergoes. Black edges to a shape means
some members of the family interact with each other. The interactions are colour-coded as follows: blue, interactions
in the PDB only; red, interactions in the PDB and yeast; grey, interactions in yeast only. Inter and intramolecular
interactions can be distinguished by the type of line connecting two families: continuous line, intermolecular; thin
broken line, intramolecular; thick broken line, both intra and intermolecular. More than one-third of the families are
part of the big connected cluster shown in (a), centring around the immunoglobulin superfamily (2.1.1) and the P-
loop nucleotide triphosphate hydrolase superfamily (3.30.1). Other highly connected nodes are 1.110.1 (armadillo
repeat), 4.117.1 (protein kinases, catalytic core) and 2.41.1 (trypsin-like serine proteases). The names of all other
families, shown here only by their SCOP identi®cation number, can be obtained from the Supplementary Material
web page. Graph (a) shows 229 out of at least 572 protein families that interact in the PDB and yeast. The remaining
families are part of smaller isolated clusters in (b).
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of Figure 1 are classical signal-transduction
domains: SH3 domains (SCOP identi®er 2.30.2),
SH2 domains (4.72.1) and PH domains (2.49.1). As
can be seen from Figure 1, the interactions for
these domains are either intramolecular (thin bro-
ken lines) or intermolecular (continuous lines), but
never both (thick broken lines). Furthermore, since
our data set consists of data from yeast as well as
from the PDB, the interactions should not be
biased towards domains for which the structure



Figure 2. Graph of the number of individual interactions against the number of family interactions. On the x-axis,
the number of individual interactions that are observed for one particular family in the PDB and yeast, both intra
and inter-chain, is plotted. On the y-axis, the number of family interactions for that family is shown. There is no
correlation between the number of individual interactions and the number of family interactions.
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was solved individually instead of the whole
multi-domain protein, or towards high-af®nity
complexes.

Oligomers: interactions between domains from
the same family

A special subset of the protein family inter-
actions are those between members of the same
family. Domains of the same family can interact
with each other within a protein in cases of
internal duplication, or between proteins in homo-
Figure 3. Power law ®t for number of family interactions.
while the number of families that have that many interacti
interactions excludes interactions between members of the s
as edges of the graph. The observed data, taking the PDB an
The ®t to the power law is represented by the continuous li
chi-square test.
multimers or multimers of different proteins from
the same family. As described below, this occurs
so frequently that the evolution of protein-protein
interactions between members of the same family
must be especially favourable, perhaps for reasons
of symmetry. One way multimers can potentially
evolve is by domain swapping, as described in
detail by Bennett et al. (1995).

In the PDB, there are 70 families in which two
domains from the same family contact each other
within a single polypeptide chain, and 307 families
in which two domains from the family interact
The number of family interactions is given on the x-axis,
ons is on the y-axis in normalised form. The number of
ame family, or self-interactions, as they are not counted
d yeast data together, are represented by the diamonds.

ne and is signi®cant at the 1 % level as determined by a



Figure 4. Overlap of intramolecu-
lar and intermolecular family inter-
actions. This Venn diagram shows
the types of interactions in the
overlap between intramolecular
and intermolecular interactions in
the complete data set of the PDB
and yeast interactions. It is clear
that most interactions are either
homointeractions or enzymes
involved in small-molecule or
macromolecular metabolism.
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with each other between chains. Ten additional
families are found to interact from the yeast data.
All together, domains from 347 families interact
with another domain from the same family, which
is 45 % of all the families in the PDB. These families
have black borders in Figure 1. Of these families,
60 are found both in the intramolecular and inter-
molecular form, as discussed in the section above.

Possible applications of structural
assignments to interacting proteins for target
selection for structural genomics, prediction
and homology modelling

Target selection for structural genomics

Structural genomics projects have as their aim
the solution of the three-dimensional structures of
all soluble proteins in genomes. One result of these
projects will be a complete fold library of individ-
ual protein domains. If multi-domain and multi-
chain structures are solved, another result will be a
library of domain-domain interfaces. Our analysis
of interactions between yeast proteins with structu-
rally assigned domains can point out which pairs
of proteins are of interest from this point of view,
as described in the next paragraph.

In addition to the interactions between comple-
tely assigned single-domain proteins, there are 66
other interactions between completely assigned
multi-domain proteins, as shown in part 3 of
Figure 5. Because with multi-domain proteins we
cannot resolve exactly which domains are interact-
ing between the two polypeptides, the families
interacting in these pairs are ambiguous and were
not used in our calculations on family interactions.
Only ®ve of these 66 interactions have analogous
crystal structures in the PDB, i.e. structures that
contain two chains with the same combinations of
domains that interact with each other. All the other
interactions are novel, between multi-domain poly-
peptides with domain combinations which may or
may not have been observed in the PDB. Therefore,
we suggest that priority be given to structure eluci-
dation or further experimental investigation of
interacting polypeptides that do not yet have ana-
logues in the PDB.

Prediction

There are 371 interactions between yeast poly-
peptides where one chain is completely assigned
and one chain has no structural assignment, as
shown in part 4 of Figure 5. (Again, these could
not be used for deriving family interactions.) In
total, 282 of these interactions are ones in which
the polypeptide chain with a structural assignment
is a single-domain protein, like the second pair in
part 4 of Figure 5, and these 282 domains belong
to 47 families. Most of these domains are seen to
interact with other families either in the PDB or in
the yeast data (domains within chains or comple-
tely assigned single-domain pairs). However, eight
new families are known to be involved in protein-
protein interactions from this set. A total of 11
families are known to interact with one other
family, so a careful prediction could be made for
these interactions. The reliability of such a domain
prediction, which would endeavour to provide
information on the structure and function of the
unknown polypeptide, depends on the pair of
families involved.

Homology modelling

The yeast intermolecular family interactions dis-
cussed above are derived from pairs of yeast poly-
peptides known to interact from experimental
data, where each polypeptide has a single-domain
structural assignments (see Methods for details).
These pairs can be modelled as complexes in three
dimensions if there is an example of the two types
of domain interacting in the PDB. A caveat to this
type of modelling is that the members of two
families can sometimes interact in different ways,
using different types of interface, for example the
different modes of oligomerisation of nucleoside
diphosphate kinases (Giartosio et al., 1996). How-
ever, the putative interface from a homology
model could be tested experimentally, and a cor-
rect three-dimensional model can be helpful in



Figure 5. Types of interactions in
yeast polypeptide chains. These
diagrams show how we de®ne
intra- and intermolecular inter-
actions in yeast polypeptides. In
part 1, the intramolecular inter-
actions are shown. In part 2, the set
of unambiguous intermolecular
interactions for yeast are derived
from the pairs of yeast polypep-
tides that each have a single
assigned domain covering most of
the polypeptide. Parts 3 and 4
show types of interactions that are
not unambiguous, but may have
other uses.

936 Mapping Protein Family Interactions
understanding interactions and guiding further
experiments.

Conclusions

This survey is the ®rst attempt at classifying
interactions between all the known structural pro-
tein domains according to their families. For the
SCOP families, we have surveyed the interactions
that exist within and between proteins by analys-
ing the whole PDB and the complete yeast gen-
ome. The analysis of experimentally derived
interactions between yeast proteins identi®ed at
least 51 reliable new interactions between superfa-
milies, which are potential targets for crystallisa-
tion and experimental investigation of the domain
interfaces.

The library of interactions between families built
up in this analysis also has some predictive value:
complexes between genome sequences with struc-
tural assignments can be modelled in three dimen-
sions. In addition, for interactions in which one
partner does not have a structural assignment,
possible structures can be picked from the set of
known family interactions.
Several interesting results with respect to the
evolution of protein families have also emerged
from this survey. The graph of family inter-
actions takes the form of a scale-free network.
This means that there are a few pivotal families
that interact with many different families, while
the large majority of families have only one, two
or three partner families. Each family has its
own spectrum of partners, with few connections
between the families. Furthermore, 45 % of the
families are found to interact with members of
the same family, indicating that internal dupli-
cation and oligomerisation of domains is very
favourable, perhaps due to symmetry of the
interaction interface.

An intriguing result of this work is that the
repertoire of family interactions between domains
within single proteins only overlaps with the reper-
toire for interactions between separate proteins for
speci®c types of families. Evidently functional and
regulatory constraints in evolution have separated
the domains that are brought together by recombi-
nation and gene fusion within proteins, and the
domains that interact between proteins. The result
is that the pairs of families that interact both within
and between polypeptide chains belong mostly to
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two types of domains: enzyme domains and
domains from the same family.

Materials and Methods

Protein families in the SCOP database

The domain de®nitions and evolutionary families in
the Structural Classi®cation of Proteins (SCOP) database
(Murzin et al., 1995) version 1.48 were used. This data-
base contains 21,828 structural domains in 764 super-
families from 9580 PDB entries. In SCOP, domains are
de®ned as evolutionary units, and so each domain has
either been observed as a single polypeptide, or has been
seen in combination with at least two other domains.
Domains belonging to the same SCOP superfamily are
related as detected by a combination of sequence, struc-
tural and functional clues. Here, we used the 764 super-
families in SCOP to build maps of interacting families,
so that the family-family interactions have an evolution-
ary meaning. Therefore, when the term ``family'' is used
here, a SCOP superfamily is meant.

Interactions between families in the Protein
Data Bank

To determine which families of domains interact
with one another in the 9580 PDB entries in SCOP,
the coordinates of each domain were parsed to check
whether there are ®ve or more contacts within 5 AÊ to
another domain. The distance of 5 AÊ was chosen as
this is a conservative threshold for interaction between
two atoms, where the atoms are either Ca atoms or
atoms in side-chains. The ®ve-contact threshold was
chosen to make sure the contact between the domains
was reasonably extensive. (In fact, the number of
domains identi®ed as contacting each other hardly
changed for thresholds between one and ten contacts
and 3 to 6 AÊ .) The program for parsing PDB coordi-
nates will become available upon publication at:
http://www.biointeraction.net/PSIPFI/

The results obtained for contacts between domains
with this method are physiological, except for the small
number of interactions that are due to crystal packing.
Distinguishing between crystal packing and oligomer
interfaces is also dif®cult in some cases when analysing
possibilities for symmetric homooligomers, as described
by Henrick & Thornton (1998) and Ponstingl et al. (2000).
Our method does not take account of symmetric homoo-
ligomers for which only one of the monomers is in the
PDB entry, so the number of homomultimeric family
interactions, presently at over 45 % of all families, might
be slightly underestimated in this survey.

Interactions between families in the yeast genome

The protein families in the yeast genome were
obtained by assigning protein structures to the yeast pro-
teins using the domains in SCOP (version 1.48) as
queries for PSI-BLAST searches, as described by Park
et al. (1998) and Teichmann et al. (2000). In addition, the
yeast sequences were compared to the PDB intermediate
sequence library (PDB-ISL) with FASTA, as described by
Teichmann et al. (2000). In total, 40 % of the polypeptides
of the yeast genome were assigned a structure with this
procedure in 368 SCOP superfamilies.

The interactions between protein families within poly-
peptide chains were calculated by assuming that
assigned structural domains adjacent to each other on
one polypeptide chain interact if there are less than thirty
amino acid residues between the structural domains, as
shown in part 1 of Figure 5. This criterion of 30 residues
was chosen as there are only 1.5 % of all SCOP domains
(version 1.48, ®ltered at 95 % sequence identity) below
this threshold, but 3 % of all domains are between 30
and 40 residues, for instance. So any stretch of residues
longer than 30 has a signi®cant probability of containing
a domain undetected by our structural-assignment meth-
od, while this is not the case for shorter regions. Using
this stringent criterion of only 30 residues between adja-
cent structurally assigned domains means that there are
only three predicted transmembrane helices between any
pairs in our set of adjacent domains, as calculated using
the program TMHMM (Sonnhammer et al., 1998).
Domains with linkers of less than 30 residues always
interact with each other in the PDB, with a few excep-
tions, such as domains in transcription factors like adja-
cent zinc ®ngers, or variable and constant
immunoglobulin domains. Whether or not this assump-
tion holds in the same way for genome sequences is
unclear. However, an overestimate of the interactions in
the yeast intramolecular data set will not change our
major conclusions, which are the form of the protein
family interaction network, the extent of homomulti-
meric interactions, the overlap of intra and intermolecu-
lar interactions and predictions from structural
assignments to interacting proteins. The set of inter-
actions encompasses 136 family interactions, as detailed
in Table 1, of which 100 overlap with interactions seen in
the PDB.

The interactions between pairs of yeast proteins were
obtained from three sources: the Munich Information
Centre for Protein Sequences (Mewes et al., 2000) web
pages on complexes and pairwise interactions
(http://www.mips.biochem.mpg.de/proj/yeast/tables/
interaction/index.html, February 2000), the global yeast-
two-hybrid experiments by Uetz et al. (2000) and large-
scale yeast-two-hybrid experiments by Ito et al. (2000).
Out of 2492 pairwise interactions known experimentally
for yeast, 1819 have a structural assignment to at least
one of the polypeptide chains of the pair.

Taking the set of completely assigned (to within
100 residues) single-domain intermolecular interactions
of the type shown in part 2 of Figure 5, there are 55
non-redundant protein family interactions between 52
families, as shown in Table 1. In total, 28 of these
interactions overlap with interactions seen in the PDB.
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