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Summary
SH3 domains are modules of 50-70 amino acids that promote interactions among proteins, often
participating in the assembly of large dynamic complexes. These domains bind to peptide ligands,
which usually contain a core Pro-X-X-Pro (PXXP) sequence. Here we identify a class of SH3
domains that binds to ubiquitin. The yeast endocytic protein Sla1, as well as the mammalian proteins
CIN85 and amphiphysin, carry ubiquitin-binding SH3 domains. Ubiquitin and peptide ligands bind
to the same hydrophobic groove on the SH3 domain surface, and ubiquitin and a PXXP-containing
protein fragment compete for binding to SH3 domains. We conclude that a subset of SH3 domains
constitutes a distinct type of ubiquitin-binding domain, and that ubiquitin-binding can negatively
regulate interaction of SH3 domains with canonical proline-rich ligands.

Introduction
Monoubiquitin and polyubiquitin chains attached to proteins are important regulatory signals
in a variety of basic cellular processes (for example, Salghetti et al., 2001; Hoege et al.,
2002; Di Fiore et al., 2003; Hicke and Dunn, 2003; Staub and Rotin, 2006). Recently, proteins
that are likely to be downstream effectors that recognize and transmit information conferred
by ubiquitin signals have been discovered. These proteins generally have small (20–150 amino
acid), independently folded ubiquitin-binding domains (UBDs) that can interact directly with
monoubiquitin or polyubiquitin chains (reviewed in Hicke et al., 2005). The UBDs
characterized to date are structurally disparate and generally bind ubiquitin with low affinity
(Kd – 2-500 μM). Many, but not all, UBDs bind to a region on the ubiquitin surface around
Ile44. UBDs are found in combination with a large assortment of other modular domains and
in proteins of diverse function.

Ubiquitin plays several important roles in the internalization of cell surface proteins into the
endocytic pathway (reviewed in Haglund et al., 2003; Hicke and Dunn, 2003). First, ubiquitin
is a regulated internalization signal that can be appended to plasma membrane proteins to
trigger internalization. Second, ubiquitination regulates the endocytic machinery itself. Key
endocytic proteins that are ubiquitinated, primarily monoubiquitinated, include epsins, Eps15,
endophilin and CIN85 (Cbl-interacting protein of 85 kDa). In addition to being
monoubiquitinated, epsins and Eps15 carry a well-characterized UBD, the ubiquitin-
interacting motif (UIM). The epsin UIMs are important for rapid receptor internalization (Shih
et al., 2002; Sigismund et al., 2005) and one function of epsin UIMs may be to promote protein-
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protein interactions among the internalization machinery (M. Dores, J. Schnell and L. Hicke,
in preparation).

Numerous protein-protein interactions and protein-protein interaction domains are required for
efficient receptor internalization. One model for the action of the internalization machinery is
that endocytic proteins combine, not necessarily in a linear sequence, at the cytoplasmic face
of the plasma membrane into different complexes that together form a dynamic network to
recruit cargo and deform the membrane into a nascent vesicle (for example, Praefcke et al.,
2004). Examples of motifs that promote interactions in these complexes are EH (Eps15
homology) domains and LLDLD clathrin-binding sequences. Because epsin UIMs probably
also function in formation of endocytic complexes and because multiple endocytic proteins are
modified with ubiquitin, we hypothesized that UBD-ubiquitin interactions might generally
function in internalization to control assembly and disassembly of the endocytic machinery.

To identify other endocytic proteins that participate in ubiquitin-mediated interactions we
screened for yeast proteins in the endocytic machinery that bind to monoubiquitin. In this screen
we identified a previously unknown ubiquitin-binding domain in Sla1, the yeast CIN85
homologue. Surprisingly, this unusual UBD is a variant SH3 that binds to ubiquitin and is
implicated in the regulation of protein-protein interactions.

Results
Sla1 binds directly to ubiquitin

To identify the repertoire of endocytic proteins that binds to monoubiquitin, we tested yeast
proteins required for receptor internalization for their ability to bind to monoubiquitin
immobilized on Sepharose beads. One protein that reproducibly bound to ubiquitin was Sla1
(Figure 1A). Sla1 regulates the actin cytoskeleton and is required for rapid receptor
internalization (Warren et al., 2002). It interacts with numerous other endocytic proteins,
including the yeast endophilin (Rvs167), synaptojanin (Sjl2) and Hip1R (Sla2) homologues,
and the Rsp5 ubiquitin ligase (Gourlay et al., 2003; Stamenova et al., 2004).

Since Sla1 is a large protein with many binding partners, the observed binding to ubiquitin
might be indirect via another protein in the yeast cell lysate. Therefore, we expressed three
His6-tagged fragments of Sla1, a.a. 1-420, a.a. 420-720 and a.a. 720-1240 (Figure 1B), which
encompass almost the entire protein sequence, in bacteria. The C-terminal fragment lacked the
last four amino acids of Sla1 (1241-1244), because these residues seemed to inhibit expression
of the fragment in E. coli. The three fragments were immobilized on metal ion affinity beads
and incubated with bacterial lysates containing glutathione-S-transferase (GST) or a GST-
ubiquitin fusion protein (GST-Ub). The N-terminal Sla1 fragment (a.a. 1-420) bound
specifically and robustly to GST-Ub, the central fragment (a.a. 420-720) bound slightly and
the C-terminal fragment (a.a. 720-1240) bound little or not at all (Figures 1C and 1D).

Ubiquitin binds to SH3 domains
We focused on the ubiquitin-binding site in the N-terminal Sla1 fragment because this region
of the protein bound most effectively to ubiquitin. Sla1 does not carry any of the more than ten
UBDs defined to date (Bienko et al., 2005; Hicke et al., 2005; Slagsvold et al., 2005; Bellare
et al., 2006; Mattera et al., 2006; Mullally et al., 2006; Penengo et al., 2006). However, in its
N-terminal region Sla1 carries three Src homology 3 (SH3) domains, SH3-1, SH3-2 and SH3-3,
with the second and third domains separated by a 223 amino acid linker (Figure 1B). We
expressed fragments consisting of either SH3-1 and SH3-2 (a.a. 1-130) or the linker region and
SH3-3 (a.a. 120-420) in E. coli and observed that all ubiquitin-binding activity was contained
in the linker-SH3-3 fragment (Figure 2A, lanes 2 and 3). After further analysis of the linker-
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SH3-3 fragment, we located the ubiquitin-binding site in the region between amino acids 350
and 420, corresponding to the SH3-3 domain (Figures 2A, lanes 4-6). Precise deletion of the
SH3-3 domain from full-length Sla1 expressed in yeast severely diminished ubiquitin binding
(Figure 2B), confirming that the SH3-3 domain is responsible for the principal ubiquitin-
binding activity of Sla1.

We next tested whether ubiquitinated proteins in the cellular milieu are viable partners for the
Sla1 SH3-3 domain. The isolated SH3-3 domain binds to ubiquitin much more efficiently than
the full-length Sla1 protein (unpublished data), perhaps because the Sla1-ubiquitin interaction
is regulated in the cell. Therefore, we used the isolated SH3-3 domain to detect binding to
cellular proteins. Recombinant SH3-3 domain was immobilized and incubated with a lysate
prepared from wildtype yeast cells. Ubiquitinated proteins from the lysates bound to the SH3-3
domain (Figure 2C). Furthermore, these interactions were abolished by two different SH3-3
domain mutations, W391A and F409Y, that inhibit binding to free ubiquitin (see below).

Is the ability of the Sla1 SH3-3 domain to bind to ubiquitin unique? Sla1 is similar to
mammalian CIN85 (Stamenova et al., 2004), which regulates the internalization of activated
growth factor receptors and has been described as a scaffolding protein that binds to endophilin,
synaptojanins, Hip1R and the Cbl ubiquitin ligase (Petrelli et al., 2002; Soubeyran et al.,
2002; Kowanetz et al., 2004). Like Sla1, CIN85 carries three N-terminal SH3 domains (Figure
1B). We expressed the third SH3 domain of CIN85 (SH3-C) in bacteria and incubated the
immobilized domains with bacterial lysates containing GST-Ub, or a fusion protein in which
ubiquitin is linked to the N-terminus of GST (Ub-GST). The SH3-C domain bound to GST-
Ub and Ub-GST, but binding to Ub-GST was more effective (data not shown). The SH3-C
domain and Sla1 SH3-3 domains bound to Ub-GST to a similar extent as analyzed both by
immunoblot (Figure 3) and Coomassie staining (data not shown). These observations indicate
that ubiquitin-binding is a conserved function of the third SH3 domains of Sla1 and CIN85.

Outside of SH3 domains in Sla1 fungal homologues, the Sla1 SH3-3 domain is most closely
related to the N-terminal SH3 domain in Grb2 and to the SH3 domains in Fyn and FGF. To
test the ability of a related SH3 domain to bind to ubiquitin, we expressed the Grb2 SH3-N
domain in bacteria and performed a ubiquitin-binding assay. Grb2 SH3-N did not bind to
ubiquitin, despite its sequence similarity to the Sla1 SH3-3 domain (Figure 3).

The Sla1 SH3-3 domain binds to the ubiquitin Ile44 surface with moderate affinity
NMR chemical shifts of protein residues are exquisitely sensitive to the local electronic
environment, and chemical shift perturbations can be used to determine affinity constants and
map intermolecular interfaces of protein complexes. Titrations of 15N-labeled ubiquitin with
increasing amounts of purified SH3-3 domain at 35°C caused the selective shift of amide proton
and nitrogen resonances of several ubiquitin residues (Figure 4A), indicating a specific
association between the two proteins, and a rapidly dissociating and reassociating complex.
From the binding isotherms of several non-neighboring ubiquitin residues (Leu8, Lys11,
Thr14, Gly47, His68 and Leu73; Figure 4B), we calculated an average apparent Kd of 39 ± 9
μM for the SH3-3 domain–ubiquitin complex.

Many previously characterized UBDs bind to a hydrophobic surface of ubiquitin including and
surrounding Ile44. The resonance shifts of Leu8, Phe45 and His68 observed in the NMR
experiments suggested that the SH3-3 domain might bind to the same surface. Therefore, we
tested binding of the domain to ubiquitin mutants carrying alanine substitutions for amino acids
at or near Ile44. The I44A mutation completely eliminated binding and mutations in several
Ile44 neighbors, Val70 and Gly47, reduced binding (Figure 4C). A mutation (F4A) on another
surface of the ubiquitin did not affect SH3-3 domain binding. Thus, similar to other UBDs, the
SH3-3 domain binds to the Ile44 hydrophobic patch of ubiquitin (Figure 4D).
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Location of the ubiquitin-binding site on the Sla1 SH3-3 domain
SH3 domains are independently folded modular domains that typically bind to peptide
sequences with a core Pro-X-X-Pro (PXXP) motif to promote protein-protein interactions
(reviewed in Mayer, 2001). Ubiquitin does not carry PXXP or a closely related sequence, thus
the identification of a ubiquitin-binding site at the Sla1 SH3-3 domain was unexpected.

How does ubiquitin bind to SH3 domains? SH3 domains are formed of two anti-parallel β
sheets packed against each other and connected by three variable loops. One side of this
globular structure has a relatively shallow, hydrophobic groove in which peptide ligands bind
(Mayer, 2001). In addition, several ligands bind to SH3 domains on surfaces other than the
hydrophobic groove (Barnett et al., 2000; McGee et al., 2001; Tavares et al., 2001). To
determine where ubiquitin binding occurs on the Sla1 SH3-3 domain, we first selected five
surface-exposed amino acids in the domain for mutation; two conserved residues in the
hydrophobic groove and three non-conserved residues outside the groove (Figure 5A).
Mutating the conserved amino acids in the groove, F364A and W391A, abolished ubiquitin
binding, whereas mutating the non-conserved residues, L396A, K401A and V413A had no
effect (Figure 5B).

The results of this experiment suggested that the ubiquitin-binding site in the SH3-3 domain
overlaps the surface that binds PXXP ligands in other SH3 domains. Although many SH3
domains bind to PXXP motifs, different domains exhibit specificity for particular PXXP-
containing peptides. Often residues in the variable loops flanking the hydrophobic groove,
known as the RT and n-Src loops (see Figure 5C), influence binding specificity (for example,
Noble et al., 1993; Yu et al., 1994; Wu et al., 1995). To ascertain whether residues in the RT
and n-Src loops participate in determining ubiquitin-binding specificity, we individually
mutated many of the SH3-3 domain surface residues in these loops. We also mutated residues
on other surfaces of the SH3-3 domain to further localize the ubiquitin-binding site. Most of
the mutations had no effect on ubiquitin binding. Three mutations (Y362A, Q408A, F409A)
in addition to the two described above, eliminated ubiquitin-binding (Supplementary Figure
1). These mutations were all in residues residing in the hydrophobic groove (Figure 5C).
Several mutations, E367N and D390A, in the RT and n-Src loops respectively, had a minor,
but reproducible effect on ubiquitin-binding (Supplementary Figure 1). Mapping of the
mutated residues onto the three-dimensional structure of the closely related Fyn SH3 domain
bound to a peptide ligand indicates that the Sla1 SH3-3 domain ubiquitin-binding site coincides
with the PXXP peptide-binding site on other SH3 domains (Figure 5C).

An alignment of the ubiquitin-binding Sla1 SH3-3 and CIN85 SH3-C domains with the non-
binding Sla1 and Grb2 SH3 domains indicates that only one surface residue is identical in the
SH3-3 and SH3-C domains, and different in the other SH3 domains (Figure 5A; Val360 and
Val380 are buried residues). This amino acid is the Phe at position 409 in the Sla1 SH3-3
domain, which resides in the hydrophobic groove. CIN85 SH3-C also carries a Phe at this
position, whereas the two Sla1 SH3 domains and the two Grb2 SH3 domains that do not bind
ubiquitin have a Tyr. Mutation of Phe409 to Tyr in the SH3-3 domain abolished ubiquitin-
binding as measured by GST-Ub binding experiments (Figure 6A) and by NMR (data not
shown), suggesting that the amino acid present in this position is specifically important for
ubiquitin-binding. Phe409 corresponds to the 75th position in the consensus alignment of SH3
domains (Figure 6B; SMART database, http://smart.embl-heidelberg.de), thus we will refer to
this as position 75 in the SH3 domain sequences discussed below.

In addition to Sla1 and CIN85, other proteins important for receptor internalization,
amphiphysin I and amphiphysin II, carry an SH3 domain with Phe at position 75. Endophilins,
which are related to the amphiphysins and also function at the internalization step of
endocytosis, have a Tyr at this position (Figure 6B). We expressed the human amphiphysin
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and endophilin SH3 domains in bacteria and found that the amphiphysin I and amphiphysin II
SH3 domains bound to ubiquitin, whereas the endophilin BI SH3 domain did not (Figure 6C).
By contrast to the Sla1 SH3-3 domain, the amphiphysin SH3 domains bound significantly
better to Ub-GST as compared to GST-Ub (data not shown), suggesting that perhaps different
SH3 domains interact with slightly different ubiquitin surfaces. Our observations suggest that
Phe 75 is one determinant of SH3 domain ubiquitin-binding and indicate that SH3 domains in
several different endocytic proteins bind to ubiquitin.

Ubiquitin and PXXP ligands compete for interaction with SH3 domains
During assembly of primary endocytic vesicles at the plasma membrane, amphiphysins bind
through their SH3 domains to a PXRPXR sequence in the proline-rich region (PRD, a.a.
751-838) of the dynamin GTPase (Grabs et al., 1997). The Sla1 SH3-3 domain has no known
interacting partners besides ubiquitin, and does not bind to several PXXP-containing sequences
predicted by phage display screens to be ligands for this SH3 domain (Tong et al., 2002, data
not shown). However, we serendipitously found that the SH3-3 domain, like the amphiphysin
SH3 domains, bound to the dynamin PRD. Immobilized SH3-3 domain was incubated with
lysates from bacteria expressing GST, Ub-GST or a GST-PRD fusion protein. Analysis of the
bound proteins by Coomassie staining indicated that GST-PRD and Ub-GST bound to the
SH3-3 domain to a similar extent (Figure 7A).

To determine whether the SH3-3 domain, like the amphiphysin SH3 domain, binds to a
PXXPXR sequence in the dynamin PRD we tested binding of the SH3-3 domain to a mutant
PRD (PRDmut). PRDmut carries a PSRPNR→PSDANR mutation that disrupts its PXXPXR
sequences and severely diminishes binding to the amphiphysin SH3 domain (Grabs et al.,
1997). Incubation of bacterial lysates containing GST-PRD and GST-PRDmut with the SH3-3
or amphiphysin SH3 domains indicated that the mutation disrupted binding to both domains
to a similar extent (Figure 7B).

We next tested how mutations in the SH3-3 domain that inhibit ubiquitin-binding affect binding
to PXXP sequence in the dynamin PRD. Mutation of W391, a conserved amino acid that is
generally required for binding to PXXP ligands in other SH3 domains, inhibited GST-PRD
binding, whereas the F409Y mutation had no effect (Figure 7C). Although binding of the
dynamin PRD to the SH3-3 domain may not be a physiologically relevant interaction because
there is no known dynamin-like protein that is part of the yeast endocytic machinery, these
data indicate that the Sla1 SH3-3 domain can bind to both ubiquitin and to PXXP-containing
ligands. Furthermore, the SH3-3 domain F409Y mutation specifically inhibited ubiquitin-
binding but did not affect interaction with a PXXP ligand.

Since the Sla1 SH3-3 and amphiphysin SH3 domains bind to ubiquitin at a site that overlaps
the PXXP-binding site, ubiquitin and PXXP-containing ligands may compete for binding to
the same SH3 domain. To test this idea, we analyzed the PRD-SH3-3 domain interaction in
the presence of increasing amounts of ubiquitin. The analysis was simplified by using GST-
Ub, which, unlike Ub-GST, migrated with a slightly different mobility than GST-PRD. We
titrated GST-Ub into bacterial lysates containing a fixed amount of GST-PRD and incubated
these lysates with immobilized SH3-3 domain. As a control we also performed this competition
experiment with the N-terminal Grb2 SH3 domain, an SH3 domain that binds to the dynamin
PRD (data not shown and Figure 7D), but does not bind to ubiquitin (Figure 3). Binding of
GST-PRD to the SH3-3 domain decreased with increasing concentrations of GST-Ub.
Concomitant with the decrease in GST-PRD binding, GST-Ub-binding increased (Figure 7D).
GST-Ub and GST-PRD also compete for binding to the amphiphysin I SH3 domain, although
at significantly higher Ub:PRD ratios, consistent with the inefficient binding of GST-Ub to the
amphiphysin I domain (data not shown). By contrast, GST-Ub did not compete for binding of
GST-PRD to the Grb2 SH3 domain (Figure 7D). Together, these observations indicate that
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monoubiquitin and a PXXP-containing ligand compete for binding to both the Sla1 SH3-3 and
amphiphysin SH3 domains.

Discussion
The UBDs characterized to date come in many shapes and sizes, ranging from the UIM
(ubiquitin-interacting motif), a 20 a.a. α-helix, to the ~150 a.a. UEV (ubiquitin E2 variant) that
is comprised of a mix of β-strands and α-helices (reviewed in Hicke et al., 2005). Here we
identify and characterize a previously unknown UBD found in a familiar structure, the SH3
domain. Ubiquitin has little in common with previously identified SH3 domain ligands.
Ubiquitin does not carry a PXXP-like sequence. Furthermore, ubiquitin is unlikely to bind SH3
domains as a helical peptide because a ubiquitin β-sheet is the site of SH3 domain-binding and
a large conformational change in ubiquitin induced upon SH3 domain binding is implausible
(Khorasanizadeh et al., 1993). Nevertheless, ubiquitin binds to the same hydrophobic groove
on SH3 domains that is the binding site of canonical PXXP peptide ligands. This conclusion
is supported by our observation that only SH3 domain residues that reside on this hydrophobic
surface were required for interaction with ubiquitin; mutations of amino acids on other SH3
domain surfaces had no effect. Ubiquitin-binding SH3 domains contact ubiquitin at Ile44 and
neighboring amino acids, the site of interaction of ubiquitin with all UBDs described to date.

Ubiquitin as a unconventional SH3 domain ligand
Binding of specific PXXP peptides to individual SH3 domains is determined primarily by
residues in the RT and n-Src loops, however mutations in the Sla1 SH3-3 domain loops had
little or no effect on binding to ubiquitin. Instead, other features of the SH3-3 domain influence
ubiquitin interaction, one being the identity of an amino acid at consensus position 75 on the
SH3 domain hydrophobic groove. Although a Phe at position 75 of the SH3-3 domain is
important for ubiquitin-binding, another feature(s) of the SH3 domain must also contribute to
the ability to interact with ubiquitin because two of nine other Phe75 SH3 domains we tested
did not bind ubiquitin detectably (unpublished data). Furthermore, mutation of Tyr75 to Phe in
the first Sla1 SH3 domain did not confer ubiquitin-binding ability to this domain (unpublished
data).

Besides ubiquitin, there are other variations on the common PXXP SH3 domain-binding
ligands. Motifs similar to PXXP include the PXXXPR sequence recognized by SH3 domains
in CIN85 (Kowanetz et al., 2003) and the PXXDY sequence that binds the SH3 domain in
Eps8 (Mongiovi et al., 1999). There are also SH3 domain-binding motifs that do not include
prolines, but that bind to the hydrophobic groove, specifically the RKxxYxxY motif that binds
to the Fyb, Fyn and Lck SH3 domains (Kang et al., 2000), and the RXXK motif that binds as
a helix to SH3 domains of Grb2, GADS and Hrs (Kato et al., 2000; Berry et al., 2002). Ubiquitin
does not carry any of these motifs and has a compact globular structure — it appears to be a
unique SH3 domain ligand that does not bind as a helical peptide.

Competition of ubiquitin and PXXP ligands for binding to SH3 domains
In addition to binding ubiquitin, the Sla1 SH3-3 domain binds to a PXXP-containing peptide
from human dynamin, indicating that the SH3-3 domain can bind to PXXP ligands. The Sla1
SH3-3 domain was also reported to select class I RXXPXXP-containing peptides in a phage
display screen (Tong et al., 2002), but the interaction of the SH3-3 domain with proteins
carrying these peptides was not detected by a yeast two-hybrid analysis and, in our experiments,
the Sla1 SH3-3 domain did not bind to RXXPXXP or PXXP fragments from several yeast
proteins involved in endocytosis or actin regulation (data not shown). Natural ligands of the
SH3-3 domain, other than ubiquitin, remain to be identified.
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The amphiphysin SH3 domains also bind to ubiquitin and to PXXPXR sequences in dynamin,
indicating that multiple SH3 domains can bind both ubiquitin and peptide ligands. There are
several other examples of promiscuous SH3 domains that bind several ligands (Mayer,
2001). The overlapping binding sites for both PXXP peptides and ubiquitin on SH3 domains,
and direct competition binding experiments, indicate that these ligands bind to SH3 domains
in a mutually exclusive manner. The affinity of ubiquitin for the Sla1 SH3-3 domain (Kd = 39
μM) is similar to that of low-affinity SH3 domain-PXXP ligand interactions. Furthermore, the
SH3-3 domain can bind to ubiquitinated proteins in the context of a yeast cell lysate. Thus,
competition between ubiquitin and PXXP ligands for binding to SH3 domains in vivo is
feasible. We suggest that competition for binding to SH3 domains by ubiquitin and peptide
ligands acts to regulate assembly of different protein complexes in a spatial and temporal
manner. For instance, amphiphysins and CIN85 homologues may bind to ubiquitin and proline-
containing ligands at different times in the assembly of primary endocytic vesicles or at
different stages in the endocytic pathway.

Role of ubiquitin-binding SH3 domains in endocytosis
The sorting and internalization of plasma membrane proteins into primary endocytic vesicles
is controlled by proteins, such as Sla1/CIN85, that carry multiple protein-protein and protein-
lipid interaction domains, and participate in numerous protein-protein interactions. SH3
domain proteins are prevalent in the endocytic pathway, where they promote protein-protein
interactions required to sort cargo, regulate actin assembly and participate in the formation of
primary endocytic vesicles at the plasma membrane (reviewed in Marsh and McMahon,
1999; Slepnev and De Camilli, 2000; Conner and Schmid, 2003; Engqvist-Goldstein and
Drubin, 2003). The assembly of the dynamic complexes that include SH3 domain-containing
proteins and carry out cargo sorting and vesicle budding is mediated by high specificity, low
affinity interactions. These interactions are probably transient and often at least partially
redundant. Because key endocytic proteins are likely to have different binding partners at
different stages in the internalization process, the low affinity of the interactions is probably
important for the creation of complexes that are only transiently stable and can undergo rapid
assembly and disassembly.

Interactions between characterized UBDs and ubiquitin are typically of low affinity (Kd ~
2-500 μM, Hicke et al., 2005) and between SH3 domains and peptides of moderate affinity
(Kd ~ 1-100 μM, Kuriyan and Cowburn, 1997; Landgraf et al., 2004). SH3 domains in many
proteins are used to regulate protein complex assembly (Mayer, 2001) and they have been used
as examples of protein-protein interactions that act as switches in the assembly of large
multimeric complexes (Lim, 2002). We propose that the SH3-3–ubiquitin partnership is one
switch in the network of interactions that control assembly and disassembly of the endocytic
and actin-regulating machinery.

Other UBDs in endocytic proteins, specifically the epsin UIMs, are also likely to function to
promote protein-protein interactions among the endocytic machinery (M. Dores, J. Schnell and
L. Hicke, in preparation). Furthermore, multiple components of the endocytic machinery are
monoubiquitinated, including epsins, Eps15/Ede1 and endophilin/Rvs167. We propose that
ubiquitin–UBD interactions generally regulate receptor internalization by acting as switches
that regulate the spatial and temporal assembly of dynamic protein complexes at the plasma
membrane. Ubiquitin-binding to SH3 domains of proteins involved in other cellular processes
may function in a similar manner.
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Experimental Procedures
Strains, media and reagents

Genetic manipulations and cell transformations were performed by standard techniques
(Sherman, 1991). Yeast strains were grown in synthetic minimal media (YNB; US Biological,
Swampscott, MA) or rich YPUAD medium (2% bacto-peptone, 1% yeast extract, 2% glucose
supplemented with 20 mg/l adenine, uracil, and tryptophan).

GST antibodies were obtained from Amersham Biosciences (Piscataway, NJ) and ubiquitin
antibodies were from Upstate (Charlottesville, VA). Anti-HA (hemagglutinin) antiserum was
prepared by the Northwestern Monoclonal Antibodies Research Facility from the 12CA5
hybridoma cell line. α-Sla1 polyclonal antiserum was raised against an N-terminal Sla1
fragment (a.a. 1-420). GST-Sla11-420 was expressed in E. coli, immobilized on glutathione-
Sepharose beads (Genscript Corporation, Piscataway, NJ), and Sla11-420 was cleaved with
Prescission™ Protease according to the manufacturer’s instructions (Amersham Biosciences,
Piscataway, NJ). Purified Sla11-420 was used to inject two New Zealand White rabbits
(Covance Research Products Inc., Denver, PA). The antiserum specifically recognized a large
protein present in lysates prepared from wildtype but not sla1Δ cells (unpublished data).

Plasmids
A triple HA epitope was introduced at the N-terminus of Sla1 by a two-step protocol: a NotI
site was introduced after the first codon of SLA1 by QuikChange™ mutagenesis (Stratagene,
La Jolla, CA), followed by ligation of DNA encoding a triple HA epitope into the NotI site to
generate the centromere-based plasmid pHA-SLA1 (LHP2016). pHA-SLA1 completely rescued
the growth and internalization defects of Δsla1 cells. The ΔSH3-3 (deletion of a.a. 356-413;
LHP2202) mutation was introduced into pHA-SLA1 by QuikChange™ mutagenesis.

Plasmids encoding hexahistidine (His6)-tagged Sla1 fragments were described previously
(Stamenova et al., 2004) or were generated by ligation-independent cloning of the relevant
PCR-amplified fragments into the pET-30 bacterial expression vector (Novagen, Madison,
WI). Plasmids encoding SH3 domains from Grb2 (SH3-N – a.a. 1-57, LHP2408), CIN85 (SH3-
C – a.a. 265-330, LHP2191), amphiphysin I (a.a. 625-695, LHP2548), amphiphysin II (a.a.
523-593, LHP2549) or endophilin B1 (a.a. 309-365, LHP2550) were constructed with DNA
PCR-amplified from plasmids obtained from the American Type Culture Collection
(Manassas, VA; Grb2), Ivan Dikic (Goethe University School of Medicine, Frankfurt,
Germany; CIN85) or Pietro De Camilli (Yale University, New Haven, CT; amphiphysins/
endophilin).

Plasmids encoding GST fused to the PRD region of human dynamin (GST-PRD) or to the PRD
carrying a PSRPNR→PSDANR mutation (GST-PRDmut) were kindly provided by Pietro De
Camilli (Grabs et al., 1997). Plasmids encoding Ub-GST, GST-Ub, or GST-Ub mutants have
been described (Shih et al., 2002; Kang et al., 2003; Swanson et al., 2003) or were generated
by QuikChange™ mutagenesis. All SH3-3 domain point mutations were introduced into
pET30-SH3-3 (LHP2167) by QuikChange™ mutagenesis.

Introduction of mutations, the in-frame fusion of tag-encoding sequences and the absence of
unintentional PCR-introduced mutations in amplified DNA fragments were verified by
automated sequencing.

Immunoblots
After fractionation by SDS-PAGE, lysates and bound proteins were transferred to
nitrocellulose or PVDF membranes. Immunoblotting of membranes with antibodies was
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performed as previously described (Shih et al., 2002). Prior to incubation with ubiquitin
antiserum, membranes were incubated in 6 M guanidine-HCl to thoroughly denature the
transferred proteins.

Preparation of bacterial and yeast lysates
Yeast and bacterial lysates used for binding to Ub-Sepharose or to SH3 domains were prepared
as described previously (Shih et al., 2002).

Ubiquitin-binding assays
E. coli cells were induced to express His6-tagged Sla1 fragments or SH3 domains proteins with
0.1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) for 3-4 h at 18-37°C after overnight
growth at 37°C. Purification and immobilization of the His6-tagged proteins and subsequent
binding to GST, GST-Ub, Ub-GST or GST-PRD was also performed as described (Shih et
al., 2002; Stamenova et al., 2004). Total lysates and bound proteins were resolved by SDS-
PAGE and stained with Coomassie Brilliant Blue G-250 (Bio-Rad Laboratories, Hercules, CA)
or analyzed by immunoblotting.

Binding of proteins from yeast lysates to ubiquitin-Sepharose or to immobilized His6-tagged
SH3 domains was performed as described previously (Shih et al., 2002) with the following
modification: total yeast lysate proteins (2.0 mg) were incubated with immobilized SH3
domains, TALON metal affinity beads (Clontech, Palo Alto, CA), 40 μl 25% ubiquitin-
Sepharose slurry (Boston Biochem, Cambridge, MA) or Sepharose CL-4B (Sigma-Aldrich,
Inc., St. Louis, MO) in 1 ml MES buffer at 4°C for 1 h.

Ubiquitin-PRD competition binding assays
For competition experiments, the Sla1 SH3-3 or Grb2 N-terminal SH3 domains were
immobilized on TALON metal affinity beads as previously described. The SH3 domains (1.6
μM SH3-3, 0.8 μM Grb2 SH3) were incubated with E. coli lysate that contained a constant
amount of GST-PRD (5 μM) and increasing amounts of GST-Ub (0-40 μM). Total lysates and
bound proteins were analyzed by SDS-PAGE and Coomassie staining.

NMR titration experiments
As described above, E. coli cells were grown and induced to express His6-tagged Sla1 SH3-3
domain, except that 1 mM IPTG was used for induction. Cells were harvested and cell pellets
were suspended in phosphate buffer (20 mM Na2PO4, pH 7.2, 0.3 M NaCl, 1 mM phenyl-
methylsulfonyl fluoride, 1 mM leupeptin, 1 mM pepstatin, 0.1% Triton X-100), lysed by
sonication and centrifuged. The supernatant was incubated with a TALON metal affinity resin
for 1 h, centrifuged, and the beads were washed with 50 mM Tris, pH 8.0 containing 100 mM
NaCl and 5 mM CaCl2. The SH3-3 domain was removed from the beads by cleavage with
Factor Xa following the vendor’s protocol (Novagen). The domain was further purified to
homogeneity using reverse-phase HPLC and its identity was confirmed by electrospray
ionization mass spectrometry (ESI-MS). Uniformly 15N-labeled ubiquitin was produced as
described previously (Beal et al., 1996; Kang et al., 2003). The extent of isotope incorporation
in the sample determined by ESI-MS was >97% for 15N.

A 0.134 mM 15N-ubiquitin sample was titrated with increasing amounts of unlabeled wild-
type Sla1 SH3-3 domain in pH 6.0 buffer at 35°C. The progress of the titration was monitored
by recording one-dimensional (1D) 1H and two-dimensional (2D) 1H-15N correlated spectra.
All samples contained phosphate buffer, pH 6.0, 10% D2O, 0.2% (w/v) NaN3, and 2 mM DTT-
d11. Chemical shift deviations were computed using the formula Δav = √{[(ΔH

N)2 + (ΔN/5)2]/
2}. Analysis of the binding isotherms were performed as described (French et al., 2005).
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Sla1 binds directly to monoubiquitin
(A) A lysate prepared from cells expressing HA-tagged Sla1 (LHY4607) was incubated with
ubiquitin immobilized on beads (Ub-Seph) or beads alone (Seph). Bound proteins were eluted
and Sla1 was detected on an anti-HA immunoblot. (B) Protein-protein interaction domains of
Sla1 and CIN85 are labeled. White boxes represent coiled coil domains in the proteins.
Fragments of Sla1 tested for binding to ubiquitin are indicated. (C) The indicated His6-tagged
Sla1 fragments were immobilized on beads and incubated with lysates from bacteria expressing
GST or GST-Ub. Bound proteins were eluted, resolved by SDS-PAGE and stained with
Coomassie blue. (D) The proteins eluted from beads incubated with GST-Ub lysates that were
visualized by Coomassie staining in (C) were analyzed on an anti-GST immunoblot.
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Figure 2. The third SH3 domain of Sla1 binds to ubiquitin and ubiquitinated yeast proteins
(A) The indicated His6-tagged Sla1 fragments were incubated with lysates from bacteria
expressing GST-Ub. Bound proteins were eluted, resolved by SDS-PAGE and detected on an
anti-GST immunoblot (top panel) or by staining with Coomassie blue (bottom panel). (B)
Lysates were prepared from cells expressing HA-Sla1 (LHY4607) or HA-Sla1ΔSH3-3

(LHY5145) and incubated with ubiquitin immobilized on beads (Ub) or beads alone (Seph).
Bound proteins were eluted, resolved by SDS-PAGE and detected on an anti-HA immunoblot.
(C) A lysate from wildtype yeast cells (LHY291) was incubated with wildtype or mutant Sla1
SH3-3 domains immobilized on beads, or with beads alone. Bound proteins were eluted,
resolved by SDS-PAGE and analyzed on an anti-ubiquitin immunoblot.
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Figure 3. The third SH3 domain of CIN85 binds to ubiquitin
The indicated His6-tagged SH3 domains (described in Experimental Procedures) were
incubated with lysates from bacteria expressing GST or Ub-GST. Bound proteins were
analyzed on an anti-GST immunoblot. Each binding reaction contained an equivalent amount
of SH3 domain.
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Figure 4. The Sla1 SH3-3 domain binds with moderate affinity to the ubiquitin Ile44 surface
(A) Overlays of an expanded region of the 1H-15N correlated spectrum of 15N-labeled ubiquitin
showing changes in the amide proton and nitrogen chemical shifts upon addition of the Sla1
SH3-3 domain. (B) Weighted average chemical shift deviations Δav plotted as a function of
SH3-3 domain concentration for the six indicated ubiquitin residues. (C) His6-tagged SH3-3
domain was incubated with lysates containing equivalent amounts of GST, GST-Ub or GST-
Ub mutants. GST-Ub lysates (total lysates) and proteins eluted from beads (bound to SH3-3)
were fractionated by SDS-PAGE and detected by staining with Coomassie blue (top and bottom
panels) or on an anti-GST immunoblot (middle panel). (D) Amino acids involved in SH3-3
domain-binding are highlighted on the three-dimensional structure of ubiquitin (PDB accession
code 1UBQ). Residues highlighted in purple were identified as important for SH3 domain
binding by the experiment shown in (C). Residues highlighted in pink showed significant
chemical shifts in the presence of the SH3-3 domain in NMR experiments shown in (A). G47
was identified with both approaches.
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Figure 5. Ubiquitin binds to the peptide-binding hydrophobic groove of the Sla1 SH3-3 domain
(A) Alignment of Sla1, CIN85 and Grb2 SH3 domains. Numbers above the alignment refer to
amino acids of the Sla1 SH3-3 domain. Residues highlighted in orange or red are completely
conserved or very similar across the six domains. The position that corresponds to Phe409 of
the SH3-3 domain is highlighted with the red box. Non-conserved amino acids that were
mutated for the binding analysis shown in (B) are highlighted in grey. (B) The indicated
His6-tagged SH3-3 domain mutants immobilized on beads were incubated with lysates
containing equivalent amounts of GST or GST-Ub. Lysates or proteins eluted from beads were
detected by staining with Coomassie blue (top panel) or on an anti-GST immunoblot (bottom
panel). (C) The three-dimensional structures of the Fyn SH3 domain (PDB accession code
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1AZG) in the absence and presence of bound PXXP peptide are shown with the residues
equivalent to mutated Sla1 SH3-3 domain amino acids highlighted. An alignment of the SH3-3
and Fyn SH3 domain sequences is shown below. Mutation of residues shown in pink (F409)
or red (Y362, F364, Q408, W391) abolished ubiquitin-binding. The mutation of residues shown
in dark grey had little or no effect on ubiquitin-binding. The position of a PXXP peptide that
binds to the Fyn SH3 domain is shown as a stick model in blue. Most of the binding reactions
on which these representations are based are shown in (B) or in Supplementary Figure 1. The
vertical arrows above the alignment indicate the amino acid substitutions introduced into the
SH3-3 domain. Amino acid substitutions in light grey did not affect binding to ubiquitin; the
substitutions in red or pink inhibited binding and correspond to residues highlighted on the
structural model.
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Figure 6. Ubiquitin binds to several SH3 domains carrying Phe at position 75
(A) Binding of wildtype and F409Y SH3-3 domains to GST and GST-Ub was assayed as
described for Figure 4B. (B) Alignment of the Sla1 SH3-3 domain sequence with sequences
of the SH3 domains from the amphiphysins and endophilin B1. The numbering before and
after the sequences refers to the protein amino acids that are the beginning and end of the
indicated SH3 domains. The numbering above refers to the amino acids of Sla1. The residue
highlighted in dark grey corresponds to Phe409 (Phe75) of the Sla1 SH3-3 domain. (C) Binding
of amphiphysin and endophilin SH3 domains to ubiquitin. The indicated SH3 domains were
expressed in E. coli and binding to GST and Ub-GST was assayed as described for Figure 2.
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Figure 7. Ubiquitin and a PXXP-containing ligand compete for binding to the Sla1 SH3-3 domain
(A) The Sla1 SH3-3 domain was immobilized on beads and incubated with lysates containing
GST, GST-PRD or Ub-GST. Bound proteins were analyzed by Coomassie staining. GST-PRD
and Ub-GST migrated with a similar mobility. (B) Bacterial lysates containing GST, GST-
PRD or GST-PRDmut were incubated with the Sla1 SH3-3 and the amphiphysin I SH3 domains
immobilized on beads. Proteins bound to each SH3 domain were eluted, resolved by SDS-
PAGE and analyzed on an anti-GST immunoblot. (C) A lysate prepared from cells expressing
GST-PRD was incubated with wildtype, W391A or F409Y Sla1 SH3-3 domains immobilized
on beads. Proteins bound to each SH3-3 domain were eluted, resolved by SDS-PAGE and
stained with Coomassie blue. (D) A lysate containing GST-PRD was mixed with increasing
concentrations of GST-Ub and then incubated with immobilized Sla1 SH3-3 or N-terminal
Grb2 SH3 domains. GST-Ub rather than Ub-GST was used in this experiment because GST-
Ub migrates with a different mobility than GST-PRD. To enhance detection of proteins in the
binding assay, SH3-3 levels were raised to a concentration in which GST-PRD did not saturate
the SH3-3 domain binding sites, hence competition by GST-Ub only became evident after
saturation of the binding site by GST-Ub (at ~2x Ub:PRD). Under conditions in which SH3-3
domain binding sites were saturated by GST-PRD, competition by GST-Ub was observed at
equimolar Ub and PRD concentrations (unpublished data). The lysates (bottom panel) or eluted
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proteins bound to the SH3 domains (SH3-3 domain – top panel; Grb2 SH3 domain – middle
panel) were resolved by SDS-PAGE and stained with Coomassie blue. Bound proteins were
separated on Tris-Tricine gels to resolve GST-PRD and GST-Ub.
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