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Data of protein–protein interactions provide valuable insight into the
molecular networks underlying a living cell. However, their accuracy is
often questioned, calling for a rigorous assessment of their reliability. The
computation offered here provides an intelligible mean to assess directly
the rate of true positives in a data set of experimentally determined inter-
acting protein pairs. We show that the reliability of high-throughput yeast
two-hybrid assays is about 50%, and that the size of the yeast interactome
is estimated to be 10,000–16,600 interactions.
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Databases of protein–protein interactions have
expanded significantly during the last years, due
to the recent high-throughput methods for identi-
fying protein interactions at a genomic scale. On
the one hand, this vast amount of data is con-
sidered as a rich source of information, from
which new biological insight can be gained.1 – 4 On
the other hand, the accuracy of the data is often
criticized.5 – 8 Especially, the high-throughput
methods are believed to contain many false posi-
tives, i.e. interactions that are identified in the
experiment but never take place in the cell.5,6,8,9 It
is therefore essential to obtain an estimate of the
reliability of the interactions documented by the
various methods.8,9 Here we provide a simple
approach to compute the extent of correct inter-
actions (true positives (TP)) in experimental pro-
tein–protein interaction data from Saccharomyces
cerevisiae, and demonstrate its usefulness in asses-
sing various experimental methods and in esti-
mating the size of the yeast interactome.

We have assembled a database of the yeast
S. cerevisiae interacting protein pairs from three
public databases, MIPS,10† DIP,11‡ and BIND,12§
and from large compilations of interactions deter-
mined by genome-wide yeast two hybrid (Y2H)

assays.13,14k After exclusion of redundancies, the
entries in our database summed to a total of
9347 pairs of yeast interacting proteins. For each
interacting pair, the experimental methods used to
determine it were recorded. Information about
complexes10,15,16 was not used to infer novel binary
interactions among the complex proteins, because
binary relationships between proteins in a complex
cannot be extracted without additional infor-
mation. Involvement of a pair of proteins in a
complex was recorded only if it supported binary
interactions reported by other methods. Our docu-
mentation system has enabled us to assess the
reliability of interactions in the database in general,
and per experimental method. The latter were not
treated individually, but grouped by their nature
into several types of method categories: genetic,
physical, immunological, biochemical, and the
Y2H method (for a description of the methods
included in each category see the legend to Table
1). The Y2H interactions were divided according
to the different large-scale and “small-scale”
studies in which they had been determined.

To assess the quality of the data we used two
measures: the fraction of interacting proteins that
were documented as localized in the same cellular
compartment, and the fraction of interacting
proteins that were annotated as having a common
cellular-role. We expect that for true interactions,
the interacting proteins should be localized to the
same cellular compartment, at least at the time of
interaction. It is also conceivable that they interact
while participating in the same cellular process,
i.e. sharing a common cellular-role.2 Previous
studies had used these two properties only
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descriptively, either to assess the protein–protein
interaction data,8,9 or to evaluate the usefulness of
extracting knowledge from interacting proteins
for annotations of protein function.17 Unlike these
previous studies, here we utilize the cellular locali-
zation and cellular-role properties to provide a
sound quantitative estimate of the extent of TP in
an experimental data set of pairs of interacting
proteins.

The following formulation is developed for
co-localization, but it applies to the measure of
shared cellular-role as well:

D ¼ TP £ I þ ð1 2 TPÞ £ R ð1Þ

where TP is the fraction of true interacting pairs in
a data set of experimentally determined interacting
proteins, D is the fraction of pairs with co-localized
pair-mates in this data set, R is the fraction of pairs
with co-localized pair-mates in a random set of
protein pairs, and I is the fraction of pairs with
co-localized pair-mates in true interacting pairs.
(We include I in the formulation and do not set it
necessarily to 1 because categories of localization
may include boundaries where interactions can
take place, and because of incompleteness in the
annotations. This issue is elaborated below.) The
rate of the TP in each data set of experimentally
determined interacting protein pairs can be com-
puted if D; R and I are given:

TP ¼ ðD 2 RÞ=ðI 2 RÞ ð2Þ

The formulation in equation (1) asserts that the rate

of co-localization of a data set ðDÞ is composed of a
co-localized fraction of the true interactions ðTP £
IÞ; and a co-localized fraction of the false positive
interactions ð1 2 TPÞ £ R: The latter component is
derived on the assumption that the false positive
interactions in the data set (that are actually non-
interacting proteins) show a fraction of co-localized
pairs that is similar to that of random pairs. This
assumption is correct if the selection process of
the protein pairs in the assessed data set is not
biased towards co-localization of pair-mates. For
biased data sets the fraction of co-localized pairs
among the false positives cannot be based on that
of random pairs, and it is R0 such that typically
R0 . R; and TP0 ¼ ðD 2 R0Þ=ðI 2 R0Þ: By expressing
TP and TP0 by formula (2) it follows that TP0 2
TP ¼ ðR 2 R0ÞðI 2 DÞ=ðI 2 RÞðI 2 R0Þ: Since R0 . R
and I . D;R;R0 this difference is always negative,
implying that TP decreases as R increases. This
implies that for such biased data sets formula (2)
provides an upper bound to the value of TP. Since
the data sets of interacting proteins in our study
were not derived in a manner that is biased in its
rate of co-localization, the values computed here
provide exact estimates of the TP rates.

The cellular localization was annotated on the
basis of the YPD database18† and the data of
Kumar et al.,19‡ and the cellular-role was based on

Table 1. Data sets of pairs of interacting proteins

Experimental method categorya Number of interacting pairs Co-localizationb (%) Co-cellular-roleb (%)

All: All methods 9347 64 49
A: Small scale Y2H 1861 73 62
A0: GY2H Uetz et al. (published results) 956 66 45
A1: GY2H Uetz et al. (unpublished results) 516 53 33
A2: GY2H Ito et al. (core) 798 64 40
A3: GY2H Ito et al. (all) 3655 41 15
B: Physical methods 71 98 95
C: Genetic methods 1052 77 75
D1: Biochemical, in vitro 614 87 79
D2: Biochemical, chromatography 648 93 88
E1: Immunological, direct 1025 90 90
E2: Immunological, indirect 34 100 93
2M: Two different methods 2360 87 85
3M: Three different methods 1212 92 94
4M: Four different methods 570 95 93

Homo-dimers were excluded. Values are rounded to integers.
a Abbreviations for method categories by which the interacting pairs were determined: All, all interacting protein pairs in the data;

A, “small-scale” yeast two-hybrid method; A0, genome-scale yeast two-hybrid screening (GY2H) based on Uetz et al.;13 A1, unpub-
lished data of Uetz et al. (claimed by the author to be filtered for false positives less rigorously than the published data); A2, filtered
core data from the genome-scale yeast two-hybrid screening by Ito et al.;14 A3, data from Ito et al. not including core data;14 B, physical
methods (e.g. X-ray, mass spectrometry); C, genetic methods (e.g. suppression, synthetic lethals); D1, biochemical in vitro methods: (in
vitro binding, cross-linking); D2, biochemical chromatography methods (e.g. affinity column, co-purification, gel filtration, chromatog-
raphy); E1, direct immunological methods (e.g. co-immunoprecipitation); E2, indirect immunological methods (e.g. immunostaining,
immunolocalization); 2M, 3M, 4M, interacting protein pairs discovered by at least two, three, four different method categories,
respectively. (The number of interacting pairs in the subsets can be lower than in the original publications due to redundancies in
the data or inconsistencies with Swissprot accession numbers.)

b Percentage co-localization (co-cellular-role) for each method category was calculated by dividing the number of interacting pairs
with co-localized (shared cellular-role) pair-mates by the total number of annotated interacting protein pairs in the group ( £ 100).

† http://www.incyte.com/sequence/proteome/
‡ http://ygac.med.yale.edu/ygac-cgi/front_page_OE.
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YPD. When proteins were annotated as localized to
more than one cellular compartment (or as having
more than one role), we considered two pair-
mates to be co-localized (or to share a cellular-
role), if at least one of the localizations (roles) was
shared. By the above annotation, D could be
automatically computed for the different method
categories (see Table 1). R was computed from all
possible pairs of proteins in our data set, and
found to be ,0.36 for co-localization and ,0.1 for
shared cellular-role, significantly lower than the
values listed in Table 1 for the interacting protein
pairs. As for the value of I; since we do not know
the actual set of true interacting protein pairs we
can take one of two approaches in order to obtain
a value for I: (i) We could take a large enough set
of interacting proteins where we are very confident
there is a little noise and assess I in that set. (ii) We
can try a range of values for I: However, the values
of I can fluctuate in a very narrow range: it cannot
exceed 1, and setting it at some distance below 1
yields for some data sets estimates of TP that are
above the value of 1. Therefore, for practical pur-
poses, the value of I regarding co-localization
must be set to 1, and for shared cellular-role it can
fluctuate between 0.95 and 1.

Figure 1 shows the TP rates obtained by the
above computation for each method category. It is
remarkable that the computations by the different
measures yielded very close estimations for the

true positive rates. This consistency cannot be
accounted for by the partial dependence between
the co-localization and shared cellular-role
(reflected in the Pearson correlation coefficient
r ¼ 0:12; and in the Kendall rank correlation coeffi-
cient t ¼ 0.20). Moreover, we repeated the analysis
using a different property of the pairs of proteins,
based on the expression profiles of the genes
encoding them as clustered by Ihmels et al.20 and
obtained TP rates that were highly correlated with
those presented in Figure 1 (r ¼ 0:95; data not
shown).

Notably, the rates of TP for all physical, bio-
chemical and immunological methods are above
80% and reach even 100% (for a small set of inter-
actions determined by the immunological
methods). The genetic interactions and those deter-
mined by “small-scale” Y2H show a medium accu-
racy, with ,60–70% TP. The more filtered high-
throughput Y2H assays show true positive rates of
about 50%, consistent with the estimations by
Mrowka et al.6 and Ito et al.14 based on different
considerations. Our assessment strongly supports
the intuitive conjecture, confirmed also by Deane
et al.9 and von Mering et al.,8 that interactions
which were revealed by more than one method
are the most reliable, and the more methods reveal-
ing an interaction the higher its reliability (see
Figure 1). The estimated TP values that were calcu-
lated by us for the 2M and 3M groups are very

Figure 1. True positive rates in various data sets that are distinguished by the experimental method for determining
protein–protein interaction. Blue, percentage of TP based on co-localization ðI ¼ 1Þ; red, green, percentage of TP based
on shared cellular-role for I ¼ 1 (red) and I ¼ 0:95 (green). I is the fraction of pairs with co-localized pair-mates in true
interacting pairs (see the text). For the method categories see the legend to Table 1.
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similar to the estimated values described by Deane
et al.9 who have used a similar measure based on
gene expression profiles.

The ability to compute a quantitative measure
for the true positive rate in an experimental data
set of interacting proteins has significant impli-
cations for biological inference that relies on such
data. For example, we found that interactions
that involve one protein that interacts with many
other proteins contain only a small fraction of TP.
This result supports the suspicion that some of
the interactions detected by high-throughput Y2H
assays involve “sticky” proteins, and are not
necessarily correct.5 We can also use this compu-
tation to more accurately estimate the size of the
yeast interactome, the total number of protein–
protein interactions in yeast. This intriguing
question has addressed considerable attention, as
it provides a general estimate for the complexity
of the cellular networks in the yeast S. cerevisiae.
Previous publications provided different estimates
for the number of interactions in the yeast cell,
ranging from at least 30,000 interactions8 down to
12,000–20,000 interactions.21,22 As described below,
our computation supports the lower estimate.

In the last few years there have been two
attempts to reveal all interactions in yeast using
the genome-wide Y2H method (data sets A013 and
A214 in Table 1). The fact that these data sets are
genome-wide makes it possible to use them as the
basis for estimating the interactome size. Had we
known the fraction of true interactions that were
revealed by the large-scale methods, we could use
this information to compute the size of the inter-
actome. Since we have shown that the biochemical,
physical and immunological methods are most
reliable, we computed the fraction of those inter-
actions that were revealed also by the large-scale
Y2H methods. This provided us with an estimate
of the fraction of the interactome revealed by the
large-scale methods, as detailed in Table 2. If all
interactions in the Y2H data were true, we could
obtain an estimate for the interactome size by
computing A/B in Table 2. However, since we
have shown that the TP rate among these Y2H
data is about 50%, this estimate must be multiplied
by a factor of 0.5. Thus, the yeast interactome is
estimated to range from ,10,000 to ,16,600 inter-
actions (Table 2), consistent with the estimates by
Tucker et al.21 and Legrain et al.22
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