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Summary
The SH3 domain is a protein-protein interaction module commonly found in intracellular signaling
and adaptor proteins. The SH3 domains of multiple endocytic proteins have been recently implicated
in binding ubiquitin, which serves as a signal for diverse cellular processes including gene regulation,
endosomal sorting, and protein destruction. Here we describe the solution NMR structure of ubiquitin
in complex with an SH3 domain belonging to the yeast endocytic protein Sla1. The ubiquitin binding
surface of the Sla1 SH3 domain overlaps substantially with the canonical binding surface for proline-
rich ligands. Like many other ubiquitin-binding motifs, the SH3 domain engages the Ile44
hydrophobic patch of ubiquitin. A phenylalanine residue located at the heart of the ubiquitin-binding
surface of the SH3 domain serves as a key specificity determinant. The structure of the SH3-ubiquitin
complex explains how a subset of SH3 domains has acquired this non-traditional function.
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Introduction
The SH3 domain is a protein-protein interaction module found in many proteins in diverse
eukaryotes. The best-characterized function of these domains, which were initially described
in signaling proteins, is to bind proline-enriched sequences of the type P-x-x-P (x: any residue).
1 The repertoire of proteins in which these domains are found as well as that of sequence and
structural motifs recognized by these domains appear to be substantially broader than initially
expected.2 The recent discovery of ubiquitin as a target of SH3 domains thus not only adds to
the diversity but also brings two key players in cellular signaling into the same picture.3
Monoubiquitination of target proteins serves to signal internalization and sorting through the
endocytic pathway and gene activation at the transcriptional level.4,5 More than a dozen
distinct ubiquitin-binding motifs have been described that function in the direct recognition of
the ubiquitin signal,6 but none of these motifs shares any overt similarity to SH3 domains.
Similarly, ubiquitin does not contain any of the known SH3 binding helical motifs.2 To gain
insights into the mode of ubiquitin binding by SH3 domains, we determined the solution
structure of the third SH3 domain of the yeast Sla1 protein (henceforth designated Sla1 SH3
−3) in complex with monoubiquitin. The Sla1 protein is localized at the cell cortex and is
thought to couple actin dynamics with endocytosis by functioning as an adaptor interacting
with multiple components of the actin cytoskeleton and the endocytic machinery besides
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engaging specific signals within transmembrane proteins.7 Sla1 orthologs exist in a broad
range of species and the mammalian ortholog CIN85, which retains the ubiquitin binding
function, also functions as an adaptor and is specifically implicated in coordinating the
internalization and destruction of activated receptor tyrosine kinases.8

Results and Discussion
We had previously shown using solution NMR spectroscopy that like other ubiquitin-binding
motifs Sla1 SH3−3 could bind ubiquitin specifically but with modest affinity (Kd ∼40 μM).3
To alleviate exchange-broadening effects associated with a subset of resonances at the protein-
protein interface, the NMR structural studies were conducted at a slightly elevated temperature
(45 °C; Kd ∼400 μM). Essentially all the resonances belonging to each protein in the complex
were assigned using standard through-bond approaches and structures were determined using
a combination of chemical shift-based torsion angle and nuclear Overhauser effect (NOE)-
based distance restraints (Table 1). Structures of reasonable quality and precision and in
agreement with input experimental data were obtained (Table 1 & Figure 1(a)).

Both ubiquitin and the Sla1 SH3 domain adopt the well-characterized eponymous folds in the
complex (Figure 1(b)). The five β-strands of Sla1 SH3−3 span residues 356−360, 379−384,
391−396, 402−406 and 410−412; a 310-helix separates strands β4 and β5. The polypeptide
backbones of the two proteins in the complex are remarkably similar to those of the free forms
with atomic root-mean-square deviations of 0.87 Å for ubiquitin9 and 0.88 Å for the SH3
domain (Figure 2(a); PDB codes 1UBQ and 1Z9Z, respectively). Similarly, only small
conformational rearrangements upon complex formation are noted for the SH3 side chains
(Figure 2(b)). Interestingly, two molecules are found in the asymmetric unit in the crystal
structure of apo Sla1 SH3−3 with the molecules participating in homotypic interactions via the
ubiquitin binding surface (PDB code: 1Z9Z). However, we find no evidence for
homodimerization by NMR as the Sla1 SH3−3 domain spectra are characterized by narrow
resonances that broaden somewhat upon complex formation with ubiquitin due to the increased
molecular size of the complex (data not shown).

The Sla1 SH3−3–ubiquitin complex interface extends over an area averaging 470 Å2 (± 36
Å2) in the NMR ensemble. Like many other ubiquitin-binding motifs,6 the SH3 domain targets
a primarily hydrophobic ubiquitin surface comprising Leu8, Ile44, Val70, and Leu73
surrounded by an array of polar residues (Figure 1(c) & 1(d)). The complementary surface on
the SH3 domain is dominated by hydrophobic residues including Tyr362, Phe364, Trp391,
Pro406, and Phe409 that form a relatively smooth, shallow groove (Figure 1(e)). The complex
appears to be stabilized by intermolecular hydrogen bonding interactions between the side
chains of His68 and Gln408, Arg42 and Glu371, and between the backbone carbonyl of Leu71
and the side chain of Trp391 and by electrostatic interactions involving Arg42 of ubiquitin and
Glu367 and Glu371 of Sla1 SH3−3 (Figure 1(d) & Figure 3 (a)). We note that these non-
bonding interactions were consistently detected in over 60% of the conformers in the NMR
ensemble and were inferred from the structures resulting from the structure determination
protocol rather than being explicitly entered as experimentally-derived restraints. These
interactions are consistent with previous mutagenesis studies that implicated a subset of these
residues in stabilizing the complex including Ile44 and Val70 of ubiquitin and Tyr362, Phe364,
Trp391, Gln408, and Phe409 of Sla1 SH3−3 as mutations of any of these residues to alanine
were found to severely diminish the SH3-ubiquitin interaction (Figure 3).3

The amino-terminal Grb2 SH3 domain represents the closest homologue of Sla1 SH3−3 (37%
sequence identity) for which a high-resolution structure has been described.10 A comparison
of the structures of the Sla1 SH3−3–ubiquitin complex with that of the Grb2 SH3 domain in
complex with a proline-rich sequence reveals substantial overlap between the ligand-binding
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surfaces of the two SH3 domains (Figure 1(f)). The vast majority of the ligand-binding residues
within the two domains are either identical or conserved and this feature is shared with other
SH3 domains whose structures in complex with proline-containing peptides have been
described.2 Unlike Sla1 SH3−3, the Grb2 SH3 domain does not exhibit discernible ubiquitin-
binding activity,3 so what attribute(s) confers a particular SH3 domain with the ability to bind
ubiquitin? Intriguingly, the side chain conformations of the ligand-binding residues are similar
for the Grb2 and Sla1 SH3 domains (Figure 2(b)), implying that the functional differences are
unlikely to originate from distinct conformational preferences. A key affinity and specificity
determinant for ubiquitin-binding was previously postulated to reside with a phenylalanine
residue (Phe409 of Sla1).3 This residue is located at the heart of the hydrophobic interface and
is shielded from the solvent in the SH3-ubiquitin complex (Figure 1(d)). The Grb2 SH3 domain
harbors a tyrosine residue at the equivalent position (Figures 1(e), 1(f) and 2(b)) and mutation
of Sla1 Phe409 to tyrosine was found to abrogate ubiquitin binding.3 The most likely
explanation based on the structure of the Sla1 SH3−3-ubiquitin complex is that the introduction
of a hydroxyl group results in unfavorable steric clashes between this moiety and Ile44 of
ubiquitin. This is probably exacerbated by the absence of suitable hydrogen bonding donor and
acceptor groups near the hydroxyl group. Predictably, a phenylalanine rather than a tyrosine
is consistently detected at this position in the third SH3 domain of Sla1 orthologs including
mammalian CIN85 and in other SH3 domains possessing ubiquitin-binding activity (Figure 3
(a)). Conversely, a tyrosine residue is consistently detected in SH3 domains lacking ubiquitin-
binding activity. Interestingly, the phenylalanine does not preclude Sla1 SH3−3 from binding
proline-rich ligands,3 consistent with previous structural analyses of other SH3 domains. The
Sla1 SH3 domain thus provides a striking example of how disparate functions can be
accommodated within a common interaction surface through subtle changes in sequence.

Although the phenylalanine residue is an important affinity and specificity determinant for
ubiquitin-binding, it is likely that the full or near-full complement of non-covalent interactions
described for the Sla1 SH3−3-ubiquitin complex is essential for efficient binding. Indeed,
mutating Tyr64 to a phenylalanine in the Sla1 SH3−1 domain failed to produce a protein
competent to bind ubiquitin.3 One explanation for this observation could be the lack of a Sla1
SH3−1 residue equivalent to Gln408 capable of hydrogen bonding interactions (Figure 3(b)).
Similar considerations could apply to other phenylalanine-harboring SH3 domains that might
fail to bind ubiquitin.

The pervasiveness of ubiquitin-binding motifs in endocytic proteins underscores the
importance of this signal in endocytosis. It is intriguing that multiple endocytic proteins harbor
SH3 domains with ubiquitin-binding activity while simultaneously retaining their ability to
bind proline-rich ligands, suggesting a dynamic interplay between these two processes that
warrants further investigation. Finally, the availability of detailed molecular pictures of all the
key domains for the Sla1/CIN85 protein in complex with their physiologically relevant targets
sets the stage for a comprehensive functional analyses of this evolutionarily conserved protein.
Intriguingly, all four domains including the three SH3 domains and the SHD1 domain unique
to Sla1 share structural similarity but exhibit considerable diversity in the way they engage
their targets, that are themselves structurally varied.11,12 This could be a general theme for
adaptor proteins involved in intracellular signaling.

Methods
Production of the Sla1 SH3−3 domain and ubiquitin

The Saccharomyces cerevisiae Sla1 SH3−3 domain corresponding to residues 350−420 was
expressed as a recombinant protein and purified as described previously.3 The identity of the
protein was confirmed by electrospray ionization mass spectrometry. Sla1 SH3−3 protein
samples uniformly labeled with 15N and/or 13C isotopes were produced using the same
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procedure except that cells were grown in M9 minimal medium containing 15N-ammonium
sulfate and/or 13C-D-glucose (Spectra Stable Isotopes, Columbia, MD) respectively.
Unlabeled and uniformly 15N- and 15N,13C-labeled samples of Saccharomyces cerevisiae
ubiquitin were produced as described previously.13,14

NMR samples
All NMR samples were prepared in 20 mM sodium phosphate buffer (pH 6), 2 mM DTT-
d10, and 0.2% (w/v) NaN3. An equimolar complex of 15N,13C-labeled Sla1 SH3−3 and
unlabeled ubiquitin was generated by titrating Sla1 SH3−3 with ubiquitin until a 1:1 ratio was
attained. The progress of the titration was monitored by recording one-dimensional (1D) 1H
and two-dimensional (2D) 1H-15N correlated spectra. An equimolar 15N,13C-labeled ubiquitin-
unlabeled Sla1 SH3−3 complex was generated in a similar manner. Protein concentrations
were measured spectrophotometrically15 and the concentrations of the NMR samples were
∼0.9 mM.

NMR spectroscopy and structure determination
NMR data were acquired on a Varian Inova 600 MHz spectrometer at 45 °C. NMR data
processing and analysis were performed using an in-house modified version of Felix 98.0
(Accelrys) and NMRView.16,17 Backbone and side chain 1H, 15N, and 13C resonances for the
Sla1 SH3−3 domain and ubiquitin were assigned by analyzing three-dimensional (3D)
HNCACB, C(CO)NH-TOCSY, HNCO, H(CCO)NH-TOCSY, and HCCH-COSY spectra.
18,19 Aromatic proton resonances were assigned from 2D 15N,13C-double-half-filtered
TOCSY spectra and 3D HCCH-COSY and HCCH-TOCSY spectra.20,21

For structure determination, backbone ℱ and ψ torsion angle restraints were derived from an
analysis of Hα, Cα, Cβ, C′ and backbone 15N chemical shifts using TALOS.22 Restraints were
imposed only for those residues that exhibited TALOS reliability scores of 9. NOE-based
distance restraints for each component of the binary complex were derived from 3D 15N-edited
NOESY (mixing time, τm = 80 ms) and 3D 13C-filtered, 13C-edited NOESY (τm = 120 ms)
spectra recorded in H2O, 3D aliphatic 13C-edited NOESY (τm = 65 ms) and 2D 15N,13C-
double-half-filtered NOESY (τm = 60 ms) spectra recorded in D2O. Intermolecular NOEs were
assigned manually and given upper bounds of 6 Å. All other NOEs were calibrated and assigned
iteratively and automatically by ARIA (version 1.2)23,24 and were checked manually between
successive rounds of refinement. Structures were calculated using ARIA in conjunction with
CNS.25 Structures were calculated from extended conformations as starting models. A total
of 80 structures were computed in the final iteration, 40 of which were refined in the presence
of a shell of explicit water solvent, and the 20 structures with the lowest restraint energies,
restraint violations, and RMS deviations from ideal covalent geometry were selected for
structural analysis. The final structures were analyzed using PROCHECK, MONSTER, and
CNS.25-27 Molecular images were generated using CHIMERA.28

Accession code
The RCSB PDB accession code for the coordinates and the restraint tables used for the
calculation of the Sla1 SH3−3–ubiquitin complex is 2JT4.
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Figure 1.
The Sla1 SH3−3 domain binds ubiquitin through a similar surface used for interactions with
helical motifs. (a) Stereo views of the Cα trace following a best-fit superposition of backbone
atoms in well-ordered regions corresponding to residues 355−413 of Sla1 and 1−73 of ubiquitin
in the ensemble. The Sla1 SH3−3 domain is colored blue and ubiquitin is shown in yellow.
The disordered regions corresponding to residues 350−354 and 414−420 of Sla1 and 74−76
of ubiquitin have been omitted for clarity. (b) Stereo views of the representative structure from
the NMR ensemble of the Sla1 SH3−3–ubiquitin complex with the same coloring scheme as
in panel (a). (c) Structure of ubiquitin in the complex shown in a cartoon representation along
with the side chains deemed to be interacting with Sla1 SH3−3 (left panel). A view of the
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molecular surface of ubiquitin shown along with the ubiquitin-interacting side chains and the
corresponding backbone segments of Sla1 SH3−3 (right panel). Oxygen and nitrogen atoms
are shown in red and dark blue, respectively. (d) Stereo views of the Sla1 SH3−3–ubiquitin
interface depicting the side chains of the interacting residues and the corresponding backbone
segments. Intermolecular hydrogen bonding interactions are depicted as solid green lines. (e)
Structure of Sla1 SH3−3 in the complex shown in a cartoon representation along with the
ubiquitin interacting side chains (left panel). A view of the molecular surface of the SH3 domain
shown along with the SH3-interacting side chains and the corresponding backbone segments
of ubiquitin (right panel). (f) Structure of the Grb2 SH3-SOS peptide complex (PDB code:
1GBR10) with the SH3 domain presented in the same orientation as Sla1 SH3−3 in panel (e).
The side chains of Grb2 deemed to be interacting with the proline-rich peptide are shown in
light pink; oxygen and nitrogen atoms are shown in red and dark blue, respectively. The peptide
backbone and side chains are colored in green (right).
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Figure 2.
Economy in conformational rearrangements upon complex formation between Sla1 SH3−3
and ubiquitin and basis for specificity of SH3-ubiquitin interactions. (a) Stereo views of the
Cα traces of Sla1 SH3−3 and ubiquitin following a best-fit superposition of backbone atoms
corresponding to residues 357−415 of Sla1 and 1−73 of ubiquitin in the NMR structure of the
complex with the corresponding segments in the crystal structures of the apo forms. The Sla1
SH3−3 domain is colored blue (complex) and orange (apo; PDB code: 1Z9Z) whereas ubiquitin
is shown in yellow (complex) and green (apo; PDB code: 1UBQ9). (b) Stereo views of the
ubiquitin-binding residues of Sla1 SH3−3 in the apo (orange) and ubiquitin-bound (blue) states
and comparison with the equivalent residues in the Grb2 SH3 domain (light pink).10 The side
chains are shown in stick representation whereas the backbones are shown as worms. Residues
and important structural landmarks are annotated. Notice also the relatively modest changes
in side chain conformation for Sla1 SH3−3 upon complex formation with ubiquitin.

He et al. Page 9

J Mol Biol. Author manuscript; available in PMC 2008 October 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Sequence conservation and non-covalent interactions mediated by residues of SH3 domains
with ubiquitin-binding activity. (a) CLUSTAL W-guided multiple sequence alignment of a
selection of SH3 domains. The proteins were grouped into three functional classes including
Sla1 orthologs (top), proteins with demonstrable ubiquitin-binding activity (middle) and those
lacking this activity (bottom).3 Conserved and invariant residues in each group are shaded
green and yellow, respectively. The solid pink circles and red inverted triangles denote Sla1
SH3−3 residues deemed to contact ubiquitin in the NMR structure and those residues that when
mutated to alanine diminish monoubiquitin binding,3 respectively. A cartoon depicting the
location of secondary structural elements in Sla1 SH3−3 is shown on top. (b) A catalog of non-
covalent intermolecular interactions in the Sla1 SH3−3-ubiquitin complex detected in ≥60%
of conformers in the NMR ensemble.27 Sla1 SH3−3 and ubiquitin residues are colored in blue
and yellow, respectively. The lines connect interacting residues. Line colors indicate the type
of interaction (green: electrostatic; red: electrostatic; purple: salt bridge; gray: hydrophobic).
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Table 1
NMR Structure Determination Statistics for the Sla1 SH3-3-Ubiquitin Complex

Restraint Statistics
NOE-based distance restraints
 Unambiguous NOE-based restraints 2817
  Intraresidue 1277
  Sequential (|i — j| = 1) 445
  Medium-range (1 < |i — j| ≤ 4) 211
  Intramolecular long-range (|i — j| > 4) 756
  Intermolecular 128
 Ambiguous NOE-based restraints 589
 Intramolecular NOE-based restraints 1503 SH3, 1775 ubiquitin
Hydrogen bonding distance restraints 70
Torsion angle restraints 166 (83 ℱ, 83 ψ)
Structure Quality of NMR Ensemble
Restraint satisfaction
 Root-mean-square differences for distance restraints 0.012 ± 0.001 Å
 Root-mean-square differences for torsion angle restraints 0.124° ± 0.038°
Deviations from ideal covalent geometry
 Bond lengths 0.003 ± 0.000 Å
 Bond angles 0.453° ± 0.011°
 Impropers 1.340° ± 0.087°
Ramachandran plot statistics
 Residues in most favored regions 85.0%
 Residues in allowed regions 14.4%
 Residues in disallowed regions 0.6%
Average Atomic Root-Mean-Square Deviations from the Average Structure
All atoms 2.46 Å
All atoms except disordered regionsa 1.39 Å
All atoms in secondary structural elementsb 1.16 Å
Backbone atoms (N, Cα, C′)
 All residues 1.96 Å
 All residues excluding disordered regionsa 0.77 Å
 All residues in secondary structural elementsb 0.59 Å

a
: disordered regions include residues 350-354 and 414-420 of Sla1 and 74-76 of ubiquitin

b
: secondary structural elements include residues 356-360, 379-384, 391-396, 402-406, and 410-412 of Sla1 and 2-7, 12-16, 23-34, 41-45, 48-50, and

66-71 of ubiquitin
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