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Most proteins that participate in cellular signalling networks
contain modular protein-interaction domains. Multiple versions
of such domains are present within a given organism1: the yeast
proteome, for example, contains 27 different Src homology 3
(SH3) domains2. This raises the potential problem of cross-

reaction. It is generally thought that isolated domain–ligand
pairs lack sufficient information to encode biologically unique
interactions, and that specificity is instead encoded by the
context in which the interaction pairs are presented3,4. Here we
show that an isolated peptide ligand from the yeast protein Pbs2
recognizes its biological partner, the SH3 domain from Sho1,
with near-absolute specificity—no other SH3 domain present in
the yeast genome cross-reacts with the Pbs2 peptide, in vivo or
in vitro. Such high specificity, however, is not observed in a set of
non-yeast SH3 domains, and Pbs2 motif variants that cross-react
with other SH3 domains confer a fitness defect, indicating that
the Pbs2 motif might have been optimized to minimize inter-
action with competing domains specifically found in yeast.
System-wide negative selection is a subtle but powerful evolu-
tionary mechanism to optimize specificity within an interaction
network composed of overlapping recognition elements.

How are SH3 domains used to assemble protein interaction
networks with high specificity? One model postulates that domains
have diverged sufficiently and have distinct recognition profiles
(Fig. 1a). However, peptide library studies have shown that the
recognition profiles of SH3 domains are highly overlapping5–7:
despite examples of domains with unusual recognition profiles8,
most bind canonical proline-rich peptide motifs flanked by basic
residues on either the amino terminus or the carboxy terminus (for

Figure 1 The yeast high-osmolarity pathway as a system for studying SH3 network

specificity. a, Possible mechanisms of interaction specificity: domain-mediated

specificity, in which individual domain–ligand pairs contain enough information to specify

unique interactions, and contextual specificity, in which individual domain–ligand pairs

lack sufficient information—factors such as cooperative interactions or subcellular

localization are required to encode unique interactions. b, Interactions in the yeast high-

osmolarity response MAP kinase (MAPK) pathway: solid arrows, physical interactions;

dashed arrows, activating interactions. c, Growth assay to probe SH3 interchangeability

in vivo: Sho1 chimaeras bearing swapped SH3 domains were tested for ability to rescue

the osmoresistance of sho1D strain. d, Array assay to test SH3 interchangeability in vitro:

a set of GST–SH3 fusions arrayed on nitrocellulose were probed for binding to the tagged

Pbs2-ligand peptide.
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example, R/KXXPXXP or XPXXPXR/K)9,10. It is therefore postu-
lated that specificity in vivo is encoded not by isolated domain-
peptide partners but rather through the context in which the
partners are presented (Fig. 1a)3,4.

To examine the specificity of SH3 domain interactions, we
probed the degree to which an SH3 domain from the yeast
Saccharomyces cerevisiae could be interchanged with other SH3
domains. The fraction of alternative domains that cannot function-
ally replace the native domain reflects the interaction information
content11. If individual domains carry little specificity information,
many SH3 domains should be able to act as functional replacements
for a native SH3 domain.

The interaction of the SH3 domain from the yeast osmosensor
protein Sho1 with a proline-rich motif from the kinase Pbs2
(Fig. 1b) is ideal for studying specificity. First, it is one of the few
SH3 domain interactions that are unequivocally biologically rel-
evant: it is essential for signalling in one branch of the high-
osmolarity stress response pathway in yeast12. Second, peptide
library screens show that the Sho1 SH3 domain falls within the
canonical SH3 recognition class (Supplementary Fig. S1)7,13. Last,
there are excellent methods for probing domain function. To probe
specificity in vivo, we generated Sho1 chimaeras in which the wild-
type domain was replaced by alternative SH3 domains (Supplemen-
tary Figs S2, S3) and tested their ability to rescue the growth of a
Sho1 deletion strain on high-osmolarity media (Fig. 1c). To probe
specificity in vitro, we made spatially defined arrays of SH3 domains
fused to glutathione S-transferase (GST) and assayed these for
binding to a labelled Pbs2 ligand (Fig. 1d).

Of 12 metazoan SH3 domains tested, six reconstituted osmo-

resistance when swapped into Sho1 (Fig. 2a). The same six domains
bound to the Pbs2 ligand in vitro on SH3 domain arrays (Fig. 2b)
and in solution binding assays using the free Pbs2 peptide (Fig. 2c).
There was a good correlation between binding affinity and ability to
rescue function (Supplementary Fig. S4), with a K d of 40 mM or less
(wild-type K d ¼ 1.3 mM) sufficient to restore detectable pathway
function in vivo. These results are consistent with low information
content in individual SH3 domains: the Pbs2 ligand motif is
promiscuously recognized by this set of domains and the native
domain is functionally interchangeable.

In contrast, a much higher level of specificity was observed when
similar assays were performed with the set of 27 yeast SH3 domains.
None of the 26 alternative SH3 domains could reconstitute osmo-
resistance (Fig. 2d). This lack of function was not due to changes in
expression or localization of chimaeric Sho1 protein (see Sup-
plementary Fig. S5). Moreover, none of the alternative domains
tested showed detectable binding to the Pbs2 peptide in vitro
(Fig. 2e) on the arrays or by solution binding assays (Fig. 2f).

These results suggest that the isolated SH3-domain–ligand pair
contains sufficient information to encode interaction specificity
among the yeast set of SH3 domains. Several other observations
support this model. A non-functional Sho1–SH3 chimaera can be
complemented by compensatory changes in the Pbs2 peptide motif
(Fig. 2g, Supplementary Fig. S6): the yeast Abp1 SH3 domain
reconstitutes function only when combined with Pbs2 bearing an
Abp1-binding peptide14. Moreover, the native interaction pair can
be functionally replaced by a heterologous non-SH3 interaction—a
PDZ domain interaction15 (Fig. 2g). Thus, diverse interactions can
functionally replace the wild-type SH3-domain–ligand pair, as long
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Figure 2 The Sho1 SH3 domain can only be functionally replaced by extra-species

(non-S. cerevisiae) SH3 domains. a, d, Growth of cells containing Sho1 chimaeras

(swapped SH3 domains) on high-osmolarity medium. Positive control is wild-type Sho1

(WT); negative controls are vector alone and Sho1 with a non-binding mutation (SH3*:

W338F (ref. 30; A.Z., unpublished observations)). The arrangement is shown on the left;

subscript indicates domain number in multidomain proteins. b, e, SH3 binding arrays.

GST–SH3 fusion proteins spotted on nitrocellulose were probed with His-tagged Pbs2

peptide and anti-His antibody. The positive control was a His-tagged protein directly

spotted on membrane; the negative control was GST alone. Positions marked with X

indicate insoluble SH3 fusions. c, f, Solution binding assays of Pbs2 peptide to

representative SH3 domains. g, Compensatory changes in Pbs2 ligand can rescue the

osmoresistance of non-functional Sho1 chimaeras. A Pbs2 variant bearing a motif that

binds Abp1 SH3 complements a Sho1–Abp1 chimaera. A heterologous PDZ–PDZ-

domain interaction pair from syntrophin (Syn) and neuronal nitric oxide synthase (nNOS)

can also reconstitute osmoresistance.
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as the interaction is of sufficient affinity. Other yeast SH3 domains
cannot be functionally swapped into Sho1 because they simply do
not cross-react with Pbs2.

Why does the interaction between the Sho1 SH3 domain and the
Pbs2 ligand show such a high level of specificity within the set of
yeast SH3 domains, but not within a set of non-yeast SH3 domains?
There is no simple explanation based on sequence clustering of the
two SH3 domain sets (Supplementary Figs S2, S3). Instead, an
attractive model is that the specificity observed in yeast SH3
domains results not only from positive selection of the Pbs2 ligand

for interaction with the Sho1 SH3 domain, but also from negative
selection against binding to competing SH3 domains from the same
organism (Fig. 3). If the recognition profile of the Sho1 domain
overlaps with those of many other SH3 domains, most random
ligands that bind Sho1 will show high levels of cross-reactivity
(Fig. 3a). However, if the Pbs2 motif were specifically selected to
minimize cross-reaction with other yeast SH3 domains (Fig. 3b),
specificity would be observed only within the yeast domain set and
not within the non-yeast domain set—only domains within the
same proteome would be evolutionarily relevant targets for negative
selection. In summary, this model suggests that because interaction
domains proliferate over the course of evolution, specificity can be
enhanced by a combination of increasing divergence in the domain
recognition profiles and pruning of cross-reactivity by negative
selection. Binding interactions might be rendered orthogonal
through evolution in much the same way that organisms within a
single ecosystem speciate to exploit distinct niches16.

One way of testing the importance of negative selection in
interaction network optimization is to probe the sequence space
around the Pbs2 motif (Fig. 4a). This model would predict a loss of
specificity as the motif drifts away from its optimum. With this aim
we made a library of 19 of the 47 possible single-base-pair missense
mutations of the Pbs2 motif, leaving the core prolines unchanged
(Fig. 4b, Supplementary Fig. S7). We then assayed the specificity and
affinity of this ligand library by using yeast SH3 arrays (Fig. 4b). We
used the intensity of the Sho1 spot as an index of peptide affinity for
the Sho1 domain (Supplementary Fig. S8). As an index of peptide
specificity we divided the intensity of the Sho1 spot by the average

Figure 3 Model: role of proteome-wide negative selection in interaction network

specificity. a, Non-S. cerevisiae: Pbs2 peptide is a canonical motif falling within the

recognition space (circles) of several SH3 domains and therefore shows cross-reactivity

with many non-yeast SH3 domains. b, S. cerevisiae: negative selection against cross-

reactivity with physiologically relevant competitor domains (that is, other yeast domains)

could drive the Pbs2 motif into a sequence space niche compatible only with the Sho1

SH3 domain (red circle).

Figure 4 Pbs2 proline-rich motif is optimized to avoid cross-reactivity with other yeast

SH3 domains. a, Mutational drift of Pbs2 motif is predicted to perturb network negative

selectivity in S. cerevisiae. b, Yeast SH3 domain arrays probed for binding to Pbs2 peptide

variants (19 of 47 possible missense point mutants; Supplementary Fig. S7). The

wild-type (WT) sequence is shown at the bottom (conserved prolines underlined); point

substitutions are indicated above. c, Quantification of mutant binding arrays (see

Supplementary Fig. S8) shows that the wild-type Pbs2 motif is optimized for Sho1

interaction specificity but not for affinity. d, e, Combining P94A and P97A mutations yields

a highly promiscuous Pbs2 motif variant, assayed by array binding (d) and solution binding

assays (e). Binding curves of wild-type peptide to Sho1 (dashed line) and Abp1 (grey line)

SH3 domains are shown for comparison. Open circles, Sho1; squares, Abp1; filled circles,

Rvs167; diamonds, Myo5. f, Competition growth assays starting with equal fractions of

strains bearing wild-type Pbs2 (VNKPLPPLPV; black circles), promiscuous Pbs2

(VNKALPALPV; red squares) and non-interacting Pbs2 (VNKPLAPLAV; blue diamonds)

performed under various conditions.
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intensity of the remaining 23 non-Sho1 spots. Some peptide
mutations increased affinity, others decreased affinity; but all
yielded an increase in cross-reactivity with other yeast SH3 domains
(Fig. 4c). On the basis of this mutant analysis, several residues in the
ligand seem to be more significant than others in determining
specificity. However, it is difficult to rationalize these effects pre-
cisely on the basis of structural comparisons (Supplementary
Fig. S9).

This analysis indicates that the wild-type Pbs2 motif is not
optimized for affinity for the Sho1 SH3 domain. Rather, it seems
to be optimized for specificity. In fact, by combining two point
mutations (P94A, P97A), we constructed a promiscuous Pbs2 motif
variant that bound to the Sho1 SH3 domain with slightly higher
affinity than the wild-type Pbs2 motif, but with a markedly higher
level of cross-reactivity (Fig. 4d, e). Thus the high specificity of the
Sho1–Pbs2 interaction within the yeast SH3 interaction network is
not the result of the Sho1 SH3 domain’s having a distinct recog-
nition profile; rather, it is the result of the ligand’s exploiting niches
in sequence space not recognized by other physiologically competi-
tive SH3 domains.

The generation of Pbs2 variants that bind with high affinity to
Sho1 but also cross-react significantly with other yeast SH3 domains
affords us the opportunity to test the biological importance of
interaction network specificity. We compared the fitness of strains
containing different forms of Pbs2—wild-type, promiscuous
mutant (P94A/P97A) or non-interacting mutant (P96A/P99A,
core prolines)—under various growth conditions. Under hyper-
osmotic growth conditions, the non-interacting mutant strain,
because it is osmosensitive, was rapidly overtaken by the other
strains. The promiscuous mutant strain, in contrast, was competi-
tive with the wild-type strain. However, under some conditions,
such as growth in minimal medium at 37 8C, the promiscuous
mutant strain was overtaken by both the wild-type and non-
interacting mutant strains (Fig. 4f). Thus, the promiscuous mutant
strain seems to have a fitness defect under these conditions that is
not due to a defect in the osmolarity response pathway. Promiscu-
ous interactions might lead to small but evolutionarily important
disadvantages.

The generality of negative selection as a mechanism for specificity
enhancement is difficult to probe because so few biologically
verified SH3-domain–ligand pairs in yeast have been clearly ident-
ified. Nevertheless, we examined two of the better-characterized
yeast SH3 domains, those from Abp1 and Pex13 (Supplementary
Fig. S10). A putative ligand for the Abp1 SH3 domain, a peptide
from Ark1 (ref. 14), was observed to bind the Abp1 SH3 domain
with minimal cross-reactivity against other yeast SH3 domains. In
contrast, a proline-rich peptide from Pex14 was found to cross-react
with seven other yeast SH3 domains in addition to the Pex13
domain, its native partner17 (Supplementary Fig. S10). However,
previous findings have shown that a functional interaction of Pex13
and Pex14 is dependent on the interaction of both of these proteins
with a third protein Pex5 (ref. 18), a case of multi-partner coopera-
tivity in recognition. Moreover, cellular localization studies show
that Pex13 is the only SH3-domain-containing protein in peroxi-
somes2,19. Pex14 also localizes to the peroxisome independently of
the Pex13 SH3 domain20. In contrast, Sho1 and Pbs2 both overlap in
subcellular localization with up to 16 other SH3-domain-contain-
ing proteins2,19. Thus, because of subcellular colocalization and
cooperative interactions, the Pex13–Pex14 interaction pair might
not have had the same selective pressure to achieve the level of
discrimination observed for Sho1–Pbs2. It is also possible that in
some cases binding promiscuity is required for function21. These
results show how negative selection is only one of several possible
mechanisms used to enhance interaction specificity.

Thus, negative domain–ligand selection can have a powerful
function in optimizing protein interaction network specificity.
The power of negative selection has previously been recognized in

immunology22 and is likely to have a key function in the construc-
tion of many biological systems, including signalling23 and tran-
scriptional networks24. The importance of negative selection
suggests that to map cellular interaction networks it will be critical
not only to search for potential ligands with optimal affinity but also
to characterize cross-reactivity of these ligands with relevant sets of
competing receptors. In higher eukaryotes, in which only a fraction
of a genome is expressed in each cell type25,26, accurate interaction
mapping might require the characterization of cell-type-specific
domain expression profiles to delineate physiologically competitive
domain sets. A

Methods
Constructs and strains
Yeast strains (W303 background) were all derived from the ssk2D,ssk22D mutant, which
lacks the Sho1-independent branch of the osmoresponse pathway12). Sho1 chimaeras
were constructed as shown in Supplementary Fig. S2 and expressed from a CEN/ARS
plasmid (pRS316) with the native Sho1 promoter (strain ssk2D,ssk22D,sho1D or
ssk2D,ssk22D,pbs2D,sho1D). Pbs2 mutants were constructed in pRS304 with native Pbs2
promoter (Supplementary Fig. S6) and integrated as a single copy into the genome (strain
ssk2D,ssk22D,pbs2D or ssk2D,ssk22D,pbs2D,sho1D).

Protein expression and purification
Sho1, Pbs2 and all S. cerevisiae SH3 domains were cloned by polymerase chain reaction
(PCR) from genomic DNA. Metazoan SH3 domains were cloned from appropriate cDNA
libraries. Fragments encoding the SH3 domains were ligated into a Sho1 yeast vector for
growth assays (Supplementary Fig. S2) and a GST-fusion vector for bacterial expression.
His6-tagged Pbs2 peptides, fused to the N-terminal domain of lambda repressor (residues
1–99), were constructed as described27 for use as probes for SH3 arrays. Recombinant
proteins were expressed in Escherichia coli strain BL21 (DE3) RIL. His6 fusions and GST
fusions were purified on Ni2þ-nitrilotriacetate resin (Qiagen) or glutathione agarose,
respectively, by standard methods (elution with 250 mM imidazole or 10 mM glutathione,
respectively). Protein concentrations were quantified by ultraviolet radiation absorbance.

Hyperosmotic plate growth assay
Cells (103) were spotted on YPD plates with or without 1 M KCl (Supplementary Fig. S11).
Plates were incubated at 30 8C for 3–5 days.

Peptide synthesis
Peptides (acetylated and amidated) were synthesized with standard
9-fluorenylmethoxycarbonyl (Fmoc) chemistry and purified by reverse-phase
chromatography. Molecular masses were verified by mass spectrometry. Concentrations
were verified by quantitative amino acid analysis.

SH3 domain array binding assay
100 ml each of 0.1 mM purified GST–SH3 fusion proteins in TBST buffer were spotted in
array format on prewetted nitrocellulose membrane with a dot-blot apparatus. Array
membranes were blocked in 3% milk, 1% BSA in TBST for 1 h at room temperature, and
then probed with 6 ml of the His-tagged fusion protein containing the proline-rich
peptide of interest (50 mM) in TBST for 4–16 h at 4 8C. The membrane was washed four
times in TBST, then reprobed for 1 h with a horseradish peroxidase-conjugated anti-His6
antibody (dilution 1:2000; Santa Cruz Biotechnology) at 4 8C. Finally, the blot was
developed with an enhanced chemiluminescence system and quantified on an
AlphaInnotech charge-coupled device camera and analytical software. To control for
variation in antibody levels and development exposure, standards of a His-tagged protein
(100 ml of 100-nM and 10-nM solutions) were directly spotted on the membrane.

Spot intensities were corrected for background and for variations in spotting and
exposure (Supplementary Figs S8a, S11). Corrected intensities for each spot are given
relative to the intensity for the Sho1 SH3-domain spot probed with wild-type peptide. The
semiquantitative nature of this assay was validated by comparing spot intensities from
the SH3-domain arrays with dissociation constants measured in vitro (Supplementary
Fig. S8b).

Measurement of binding affinities
Affinities of synthetic peptide ligands for SH3 domains were measured by following the
increase in domain tryptophan fluorescence on titration of ligand into a solution of SH3
domain at a fixed concentration of 0.01–0.5 mM (always less than 0.25K d)28. The ligand
stock concentration was typically between 0.1 and 2 mM. Data were fitted to the equation

y ¼ F0 þ ðFmax 2 F0Þ
x

Kd

� �
= 1þ

x

Kd

� �

by nonlinear least-squares analysis with the program ProFit 5.6.4 (Quantum Soft), where y
is the fluorescence reading, x is ligand concentration, K d is dissociation constant, F 0 is
initial fluorescence value (fraction bound ¼ 0) and F max is fluorescence value at
saturation (fraction bound ¼ 1).

Competition growths
Starter cultures of the three strains (Supplementary Fig. S6) were grown independently to
an OD600 of 0.5. Equal amounts of each were combined into one tube. An aliquot was
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removed from this tube as a standard for comparison with subsequent time samples. Cells
were diluted 1:100 into various media and incubated at the appropriate temperature until
OD600 was 0.5, whereupon they were diluted 1:100 (about once or twice a day). Samples
were removed at various time points and lysed by incubation with Zymolyase and boiling.
The lysates were subjected to PCR. The PCR product was sequenced in accordance with
the standard protocol provided by Applied Biosystems and analysed on an ABI Prism 3700
DNA Analyzer with DNA Sequencing Analysis Software Version 3.6.1 (Applied
Biosystems, Foster City, California). Mutant frequencies within the culture were estimated
with the sequencing-based protocol developed by Kwok and Duan29. Data were fitted to
exponential equations that accounted for changes in growth of the mutant of interest and
changes in growth of competitors.
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The phytochromes are a family of plant photoreceptor proteins
that control several adaptive developmental strategies1,2. For
example, the phytochromes perceive far-red light (wavelengths
between 700 and 800 nm) reflected or scattered from the leaves of
nearby vegetation. This provides an early warning of potential
shading, and triggers a series of ‘shade-avoidance’ responses,
such as a rapid increase in elongation3, by which the plant
attempts to overgrow its neighbours3. Other, less immediate,
responses include accelerated flowering and early production of
seeds. However, little is known about the molecular events that
connect light perception with increased growth in shade avoid-
ance. Here we show that the circadian clock gates this rapid
shade-avoidance response. It is most apparent around dusk and
is accompanied by altered expression of several genes. One of
these rapidly responsive genes encodes a basic helix–loop–helix
protein, PIL1, previously shown to interact with the clock protein
TOC1 (ref. 4). Furthermore PIL1 and TOC1 are both required for
the accelerated growth associated with the shade-avoidance
response.

Selective absorption of blue and of red (600–700 nm) wave-
lengths by the chlorophylls means that the radiation reflected/
scattered by green leaves is relatively enriched in the far-red (700–
800 nm). This far-red-rich light signal (that is, a decrease in the
ratio of red to far-red (R/FR)) is detected by nearby plants as a
change in the equilibrium between the Pr and Pfr forms of
phytochromes B, D and E (ref. 5), providing an unambiguous
signal that potential competitors are nearby. In response to a low
R/FR many plants evoke a suite of adaptive reactions, shade
avoidance, including rapidly increased elongation of internodes6

and/or petioles, reduced leaf growth and increased apical dom-
inance in an attempt to avoid being shaded. Prolonged exposure to
the low-R:FR signal evokes a survival reaction: the acceleration of
flowering3,7. Shade avoidance is displayed by most angiosperms,
including crop species, conferring high relative fitness in dense
stands3 and is one of the best-studied examples of adaptive
phenotypic plasticity in plants.

To gain insight into the molecular events involved in rapid shade-
avoidance responses, we carried out Affymetrix Arabidopsis oligoar-
ray analysis on plants exposed to low R/FR (see Supplementary
Information). Among those genes displaying the most marked
changes in expression in response to 1 h of low R/FR is the
ATHB-2 gene, encoding a homeodomain ZIP transcription factor;
this gene is known to be rapidly and reversibly regulated by changes
in R/FR (ref. 8). However, the greatest increase in transcript level in
response to low R/FR was observed for a gene annotated as encoding
an unknown protein. The transcript of this gene increases in
abundance by ,35-fold at 1 h. After correcting for errors in the
annotation of this gene, we identified it as PIL1 (for PIF3-like 1)
encoding a basic helix–loop–helix protein, previously identified
as a protein that interacts with the circadian clock protein TOC1
(ref. 4).

The increase in PIL1 transcript level in response to low R/FR
starting 1 h after dawn is extremely rapid. Quantitative reverse
transcriptase polymerase chain reaction (RT–PCR) shows that
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