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SH3domains,which are among themost frequently occurring
protein interaction modules in nature, bind to peptide targets
ranging in length from 7 tomore than 25 residues. Although the
bulk of studies on the peptide binding properties of SH3
domains have focused on interactions with relatively short pep-
tides (less than 10 residues), a number of domains have been
recently shown to require much longer sequences for optimal
binding affinity. To gain greater insight into the binding mech-
anism and biological importance of interactions between an
SH3 domain and extended peptide sequences, we have investi-
gated interactions of the yeast Abp1p SH3 domain (AbpSH3)
with several physiologically relevant 17-residue target peptide
sequences. To obtain a molecular model for AbpSH3 interac-
tions, we solved the structure of the AbpSH3 bound to a target
peptide from the yeast actin patch kinase, Ark1p. Peptide target
complexes from binding partners Scp1p and Sjl2p were also
characterized, revealing that the AbpSH3 uses a common
extended interface for interaction with these peptides, despite
Kd values for these peptides ranging from 0.3 to 6 �M.Mutagen-
esis studies demonstrated that residues across thewhole 17-res-
idue binding site are important both for maximal in vitro bind-
ing affinity and for in vivo function. Sequence conservation
analysis revealed that both the AbpSH3 and its extended target
sequences are highly conserved across diverse fungal species as
well as higher eukaryotes.Our data imply that theAbpSH3must
bind extended target sites to function efficiently inside the cell.

Many protein interactions within signaling pathways are
mediated by small modular domains, which are found within

larger proteins (1). SH3 domains are one of themost frequently
occurring of these protein-protein interaction modules in
eukaryotic cells. These domains are �60-residue �-sheet
proteins that have been generally observed to bind to short
proline-rich peptides containing the core consensus
sequences �XXPXXP (class I) or PXXPX� (class II), where X
can be a variety of residues, and� is a Lys or Arg residue (2–4).
SH3 domains often bind peptides withmodest affinities (5–100
�M (5)), andmany SH3 domains appear to possess low specific-
ity, binding to various PXXP-containing peptides with similar
affinities (6–10). These observations have led to the establish-
ment of a “promiscuous model,” which postulates that the sig-
naling specificity of pathways depends primarily on factors
other than the intrinsic binding properties of isolated SH3
domains (11), and that short peptide targets are likely sufficient
for SH3 domain function. Arguing against this model, it has
been shown that some SH3 domains require an extended target
peptide (12–30 residues) to achieve maximal binding affinity
(12–15). These results imply that the intrinsic specificity of SH3
domains may indeed play a significant role. The growing real-
ization of the importance of interactions between SH3 domains
and extended peptides provides the motivation for further
studies to investigate their molecular mechanisms and func-
tional properties.
In the present study, we have investigated the SH3 domain

from the yeast actin-binding protein 1 (Abp1p),3 which is
known to interact with extended peptide targets. Abp1p is an
actin-associated protein that possesses an N-terminal actin
depolymerizing factor/cofilin homology domain, a central Pro-
rich region, and a C-terminal SH3 domain. Through its multi-
ple protein-protein interactions, Abp1p plays important roles
in coordinating the dynamic series of events leading to endocy-
tosis (16). In particular, the Abp1p SH3 domain (AbpSH3)
binds to and localizes the actin patch kinases, Ark1p and Prk1p
(17), which are required for actin patch disassembly after vesi-
cle internalization (18), and alsomediates the localization of the
Synaptojanin-like protein, Sjl2p, to the actin patch where it
plays key roles in endocytosis (19). The AbpSH3 is essential for
the biological activity of Abp1p under all genetic and growth
conditions where Abp1p is required for cell viability (20, 21).
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Abp1p is highly conserved both in fungi and higher eukaryotes,
and its homologues in mammalian cells are also involved in
processes such as endocytosis that require actin rearrangement
(reviewed in Ref. 22).
The SH3 domain of Abp1p (AbpSH3) has been shown to

bind peptides from the yeast proteinsArk1p, Prk1p, Scp1p, Sjl2,
and Srv2p (8, 17, 19, 20, 23–25). The conservation seen in an
alignment of these peptide sequences and results from phage
display experiments imply that a region spanning at least 10
residues is critical for AbpSH3 binding (17). In particular, the
total conservation in AbpSH3 binding sites of Leu at a position
three residues C-terminal to the PXXPx� core consensus
strongly suggests that extended peptide interactions are crucial
for the function of the domain. A distinctive feature of the
AbpSH3 as compared with most other yeast SH3 domains is
that its interactions with target peptides in three different pro-
teins, Ark1p, Scp1p, and Sjl2p, have been proven to be physio-
logically relevant. Deletion of the genes encoding these pro-
teins, or deletion of theAbp1p SH3 domain binding sites within
them, leads to a phenocopy of AbpSH3 mutations (19, 20).
However, which target site residues are crucial for binding and
whether the whole site is required for in vivo function are not
known.
The well characterized nature of the AbpSH3 and its biolog-

ically relevant peptides coupled with our ability to probe the
function of this domain in an authentic in vivo system (20)make
it an excellentmodel for addressing themechanism and impor-
tance of extended target peptide interactions. The goals of the
work described here were to elucidate the molecular details of
the AbpSH3 peptide binding and to evaluate the functional
importance of the extended AbpSH3 binding interface. To this
end, we used NMR spectroscopy to determine the solution
structure of the AbpSH3 bound to a 17-residue peptide from
the Ark1p target protein. In addition, we assessed the in vitro
affinities and in vivo functional properties of three biologically
relevant peptides and a series of target peptide mutants. These
studies combined with an analysis of AbpSH3 binding site con-
servation among diverse fungal species have allowed us to
clearly demonstrate the functional importance of the interac-
tion of the AbpSH3 with extended target peptides.

EXPERIMENTAL PROCEDURES

Sample Preparation for in Vitro Studies—Residues 535–592
of the yeast Abp1p protein (AbpSH3 construct) or the residues
KKTKPTPPPKPSHLKPK from the yeast protein Ark1p pep-
tide (ArkA construct) were expressed from a pET32b-based
(Novagen) plasmid to produce proteins with thioredoxin and a
6-His tag fused at the N terminus. These fused portions were
ultimately removed using tobacco etch virus protease. Protein
purification was carried by nickel-affinity chromatography as
previously described (20). The AbpSH3 was further purified
through chromatography on a HiTrap Q column (Amersham
Biosciences). Target peptides were further purified using
reversed-phase high-performance liquid chromatography with
a Phenomenex C18 preparatory column, using a 0 to 50% gra-
dient of acetonitrile over 5 column volumes to obtain a purity of
�95% judged by mass spectrometry. Unlabeled peptides for
ITC measurements were synthesized (Biomer Technology,

Hayward, CA) with C-terminal amidation and N-terminal
acetylation and purified by high-performance liquid chroma-
tography as above. The synthesized and synthetic peptides gave
the same heteronuclear single quantum coherence spectra and
bound with the same affinity.
NMR Spectroscopy—Experiments weremeasured at 10 °C on

a Varian INOVA 500-MHz spectrometer equipped with a
pulsed field gradient unit and a triple resonance probe. Samples
were in buffer containing 50 mM Na2HPO4, pH 7.0, 100 mM

NaCl, 1 mM EDTA, 0.05% NaN3, 10% D2O, unless otherwise
stated.We titrated 15N,13C ArkA-labeled peptide into 15N,13C-
labeled AbpSH3, to obtain a 1:1 complex as judged by minimi-
zation of peak broadening for both AbpSH3 and peptide due to
exchange between free and complexed states. Standard exper-
iments were then used to assign the backbone and side-chain
resonances of the doubly labeled AbpSH3�ArkA peptide com-
plex (26). Assignments were incomplete for atoms with com-
plete peak broadening, which include the side chains of Tyr-10
and Phe-50 in AbpSH3 and the C� and NZ atoms at the end of
the Lys�3 side chain in ArkA. Structural restraints were
restricted to NOEs, and HN-N, N-CO, CA-HA, CO-CA, and
CA-CB residual dipolar couplings from a sample oriented in
phage (27, 28). The axial component of the alignment tensor
(Da) was 9.0, and the rhombicity (Dr/Da) was 0.37. Due to the
large number of backbone restraints, we were able to exclude
TALOS-based (29) dihedral angle restraints.
After initial assignment of 300 NOEs, for which symmetry-

related peaks were observed, ARIA1.2 was used to facilitate the
assignment of NOEs and calculate structures. The 20 lowest
energy structures, of 200 calculated in the final iteration, were
used for analysis. PROCHECK software (30) was used to ana-
lyze the Ramachandran plots (supplemental Table S1).
We collected backbone T1, T2, and 1HN-15N NOE data for

the free and ArkA-bound complexes at two different concen-
trations (0.3 mM and 1 mM) to calculate correlation times and
check for any concentration-dependent oligomerization. The
correlation times stayed constant at the different concentra-
tions (8.08 and 7.97 ns, respectively), confirming a 1:1 complex
as seen from the ITC data. The combined 1H and 15N chemical
shift differences between free and bound complexes were cal-
culated using the following expression:�ppm � �((Nppm shift *
0.1)2 �(Hppm shift)2), whereNppm shift is the difference in ppm
in the nitrogen dimension andHppm is the difference in ppm in
the proton dimension. The structure has been deposited into
the protein data bank, accession code: 2rpn.
ITC Binding Experiments—Experiments were performed in

50mM sodiumphosphate (pH 7.0), 100mMNaCl, following our
previously described procedure (20). All experiments were
repeated at least two times.
Construction of Yeast Expression Plasmid—Plasmid expres-

sion vectors to produce WT and mutant versions of Ark1p
fused to green fluorescent protein were derived from
pRS316. The ARK1 gene was amplified by PCR from yeast
chromosomal DNA using primers (5�-TAGGGCGAATTG-
GAGCTCCACCGCGGTGGCGGCCGCTGAGAGGACT-
GGCAGGGGGA-3� and 5�-GAATTGGGACAACTCCAG-
TGAAAAGTTCTTCTCCTTTACTCTTATCCAAGGAT-
AACTTTCG-3�), which anneal to the ARK1 gene (in bold)
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and contain pRS316 and green fluorescent protein se-
quences, respectively, to flank the ARK1 gene. All ARK1
AbpSH3 binding site mutations were created by PCR. All
generated constructs were sequenced to ensure that no
unwanted mutations were introduced during plasmid con-
struction. The plasmids used in this study can be found in
supplemental Table S3.
Growth Assays in Yeast—Yeast strains and plasmids used are

listed in supplemental Tables S2 and S3, respectively. Strains
were manipulated, and media were prepared using standard
techniques (31). Standard richmedium supplementedwith glu-
cose (YPD, 1% yeast extract, 2% peptone, 2% dextrose) was used
for yeast growthwithout selection.Minimalmedium (SD) lack-
ing uracil was used for transformants selection and plasmid
maintenance. To assay growth on solidmedia, cells were grown
overnight to saturation in selective media supplemented with
2% dextrose and the appropriate amino acids. Serial 10-fold
dilutions of an equal number of cells (0.1 A600 nm) were spotted
onto SD (lacking uracil) plates, and incubation was for 2 days at
30 °C or 37 °C. All growth assays were repeated at least three
times, and one representative experiment is shown in Fig. 4.
The same levels of growth were seen in all repetitions.
Sequence Alignment Construction—We carried out bioinfor-

matic investigations on 29 species of fungi in addition to Sac-
charomyces cerevisiae that were identified as possessing homo-
logues of Abp1p in BLAST search (Altschul, et al. (45)) of the
Uniprot data base (www.pir.uniprot.org/). Target protein
homologueswere also identified by BLAST searches. The valid-
ity of hits from these searches was confirmed by detection of
regions of high sequence similarity across the length of the pro-
tein sequences. Although we analyzed sequence conservation
across all 29 species, considerable sequence redundancy existed
among them. We show alignments of sequences from some of
themost diverse species examined. The pattern of conservation
seen in these smaller alignments is fully representative of what
was observed in the full alignments. The identification of
AbpSH3 binding sites in higher eukaryotic genomes was car-
ried out using the sequence motif defining and searching pro-
grams, MEME and MAST (32, 33).

RESULTS

Structural Studies of AbpSH3�peptide Complex—To deter-
mine the molecular mechanism of peptide binding by the
AbpSH3, we determined its solution structure bound to a
17-residue peptide from Ark1p, which we refer to as ArkA.We
previously showed that this is the tightest binding target pep-
tide with proven biological relevance (20). The structure of
AbpSH3�ArkA complex was constrained using intra-SH3 do-
main, intra-peptide, and intermolecularNOEs and dipolar cou-
plings (statistics are found in supplemental Table S1). The
twenty lowest energy structures overlay with backbone root
mean square deviation of 0.37 	 0.2 Å (supplemental Fig. S1).
Ramachandran statistics are not as good as might be expected
considering the large number of restraints on the SH3 domain
backbone. This may be due to conformational fluctuations
observed in the bound state SH3 domain. This was apparent for
residues Lys(�3), Tyr-10, and Phe-50 based on peak broaden-

ing and for Asp-15 based on CPMG experiments performed in
excess of peptide (data not shown).
The AbpSH3 displays a typical SH3 domain fold, consisting

of a five-stranded �-sandwich with the long irregularly struc-
tured RT-loop between strands 1 and 2 (Fig. 1A). Superposition
of all backbone residues to the x-ray structure of the unliganded
form of AbpSH3 (pdb code 1JO8) (17) demonstrated a good fit
(backbone root mean square deviation of 0.85 	 0.04 Å). The
regions with the highest root mean square deviation were the
N and C termini as well as the RT-loop region with up to 3 	
0.5 Å differences at the tip of the loop. The significant dif-
ference in the conformation of the RT-loop may be the result
of a rearrangement occurring upon peptide binding, because
this region is directly involved in the binding reaction. This
is consistent with several other studies that have shown a
role for RT-loop flexibility in binding (34, 35). The ArkA
peptide, which binds in a class II orientation (2, 3), contains
an N-terminal left-handed polyproline type II (PPII) helix
and a C-terminal 310 helix (Fig. 1A).

There are significant numbers of intermolecular NOEs
throughout the binding interface (17 peptide residues spanning
from Lys6 to Lys�8) indicating that the complete peptide is
involved in binding (we have used a standard numbering sys-
tem (3) for peptide positions) (Fig. 1B). An overlay of the ArkA
peptide conformers frommultiple low energy structures shows
that the backbone and side-chain atoms overlay well across 13
residues from position 3 to �9 (Fig. 1E). Even at peptide posi-
tion Lys6 where the peptide structure is more variable, parts of
this residue are still packed against the domain in every struc-
ture (Fig. 1C). The PXXP region of the peptide interacts in
a typical manner for SH3 domains with P(2), P(0), and P(�1)
well packed into two grooves lined primarily by the conserved
residues Tyr8, Tyr10, Trp36, Tyr54, Pro51, and Asn53 (36) (Fig. 1,
A and B).We refer to this conserved PPII helix-interaction sur-
face as surface I (37). Peptide residue Lys3 is also packed tightly
against the domain, and its side chain lies near both Asp9 and
Asp11 where electrostatic interactions may play a stabilizing
role. Although it lies in a less well defined region of peptide
structure, the side chain of peptide residue Lys6 invariably
points toward the domain positioned near residues Asp9 and
Glu22 (Fig. 1A). Thus, most N-terminal residues in the peptide
interact with the AbpSH3.
Residues in the C-terminal extended region of the ArkA pep-

tide (positions �4 to �9) makemultiple contacts with residues
in a surface that is distinct from the PXXP binding interface,
which we refer to as surface II (37). Most notably, Leu�7 is
highly buried, packing against Val32, Asp33, Trp36, and Leu49 on
the domain, and Pro�4 and His�6 on the peptide (Fig. 1D).
His�6 is also able to form an intermolecular salt bridge with
Asp33. Interestingly, peptide residues extending out as far as
Lys�8 and Pro�9 make close contacts with the domain at RT-
loop residues Glu14 and Asp15, respectively. Finally, as seen in
other structures (37), peptide residue Lys�3 interacts at the
dividing line between surface I and II, packing against Trp36 and
making electrostatic interactions with the RT-loop residues,
Glu14 andAsp15. Surprisingly, theC� andNZ atoms at the endof
the Lys�3 side chain are completely broadened, indicating sub-
stantial dynamics even though this residue is crucial for the
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binding reaction, explaining the undefined position of its side
chain (Fig. 1E).
In Vitro Analysis of the AbpSH3 Interaction with Target

Peptides—To identify the thermodynamically critical interac-
tions in the AbpSH3-peptide interface, and evaluate the affinity
requirements for in vivo function, isothermal titration calorim-
etry (ITC) was used to quantitate the binding affinities of wild-
type (WT) and mutant AbpSH3-binding peptides. Initially,
affinities for 17-residue long peptides from the three different
biologically relevant Abp1p-interacting proteins, Ark1p,
Scp1p, and Sjl2, were measured. Because Ark1p possesses tan-
dem binding sites for the AbpSH3, which we call ArkA and

ArkB, we tested these sites sepa-
rately. Although theAbpSH3 bound
the ArkA and Scp1 sites very tightly
with Kd values of 0.27 and 0.7 �M,
respectively, the ArkB and Sjl2 sites
bound much more weakly with Kd
values of �6 �M (Fig. 2A). Thus, the
biologically relevant interactions of
this domain are seen to vary over a
20-fold range in affinity. Interest-
ingly, combining the ArkA and
ArkB sites into one site as they are
found inArk1p resulted in no signif-
icant increase in affinity over ArkA.
It is also notable that the Scp1 and
Sjl2 sites lack a PXXP motif, and yet
were still able to bind with high
affinities compared with the major-
ity of SH3 domain-peptide interac-
tions. To ensure that the Sjl2, Scp1,
and ArkB peptides bound in the
same manner as the ArkA peptide
investigated in ourNMR studies, we
assigned the NMR resonances of
AbpSH3 in complex with these pep-
tides, and calculated the difference
in the chemical shifts of each back-
bone amide resonance in the free
and complexed state. As seen in Fig.
3, the overall pattern of chemical
shift changes was very similar for
the Sjl2 and ArkA peptides despite
their very different amino acid
sequences (only 6 identical residues
out of 17), indicating that the Sjl2
peptide binds the same surface and
utilizes the same binding mecha-
nism as the ArkA peptide. A similar
result was obtained when the other
target peptides were tested in this
manner (supplemental Fig. S2).

The importance of residues at the
N and C termini of each target pep-
tide was demonstrated by the 3- to
6-fold reductions in binding affinity
that were observed when shortened

(12 residue) peptides were tested (Fig. 2B). Furthermore, the
significant contribution of interactions at both extremities of
the ArkA peptide was shown by the 3-fold reduction in affinity
resulting from deletion of Pro�9 and Lys�10 (Fig. 2B, ArkA
15-mer), and the further 2-fold reduction occurring when the
three N-terminal residues were removed (ArkA, 12-mer). The
contributions of these regions are consistentwith our structure,
in which well defined interactions were seen involving the Lys6
and Pro�9 positions. Versions of the ArkA peptide longer than
17 residues did not bind more tightly than the 17-mer peptide,
as is demonstrated in reactions with a 20-mer ArkA site and
with the ArkAB site (Fig. 2A).

FIGURE 1. The structure of the AbpSH3�ArkA peptide complex. A, schematic of the AbpSH3�ArkA complex.
The SH3 domain is in silver with the peptide in cyan. Side chains of conserved surface I residues within yeast SH3
domains (Y8, Y10, P51, N53, Y54) are shown in red, key surface II residues for AbpSH3 (Ala13, Glu14, Asp15, Asn16,
Glu17, Val32, Asp33, Asp35, and Leu49) are shown in blue, Trp36, which is at the border of surfaces I and II is shown
in green. Asp9, Asp11, and Glu22, which interact with the N terminus of the peptide, are in orange. B, surface
representation of the AbpSH3 highlighting surface I (red) and surface II (blue). The surface of Trp36 is indicated
in green. The ArkA peptide is represented in stick, with nitrogen in dark blue, carbon in light blue, and oxygen in
red. C, interactions of the PPII-helical region of ArkA with binding surface I. The positions of key peptide side
chains are indicated. D, interactions of the extended region of the ArkA peptide with surface II. E, overlay of
eight low energy ArkA peptide conformers.

Extended Peptide Binding by the Abp1p SH3 Domain

SEPTEMBER 25, 2009 • VOLUME 284 • NUMBER 39 JOURNAL OF BIOLOGICAL CHEMISTRY 26921

http://www.jbc.org/cgi/content/full/M109.028431/DC1


To assess the individual binding contributions of ArkA pep-
tide residues, single amino acid substitutions were constructed
at eight positions that contacted the AbpSH3 in our structure.
The three substitutions causing the most dramatic reductions
in binding affinity (i.e. 20- to 100-fold decreases in affinity),
Pro23 Ala, Lys�33 Ala, and Leu�73 Ala, were distributed

across the whole binding surface, which emphasizes the impor-
tance of the extended target peptides in stabilizing interactions
with the AbpSH3 (Fig. 2C). On the other hand, the only 3-fold
decrease in affinity observed for the Pro�13 Ala substitution
confirmed that the presence of a PXXP motif in AbpSH3 bind-
ing sites is not critical for strong binding. While substitutions

FIGURE 2. In vitro binding analysis of AbpSH3 interactions. A, binding of the AbpSH3 to biologically relevant extended peptides. Conserved positions in
AbpSH3 binding sites are highlighted in gray. Above the sequences the standard nomenclature for class II SH3 domain target sequences is defined as well as
the extended region of the peptide. The residues boxed in the ArkAB sequence indicate the sequence deleted for the �ArkB sequence used in Fig. 4. B, binding
of the AbpSH3 to truncated peptide targets. C, binding of the AbpSH3 to mutant ArkA sites. The mutated sites are boxed.

FIGURE 3. Backbone amide chemical shift differences between the free and bound AbpSH3 complexes. The ArkA target complex is in white and Sjl2 target
complex is in black. Surface I and surface II residues are boxed in thin and thick lines, respectively. A schematic of the secondary structure of the SH3 domain is
shown at the bottom. Residues 2 and 51 are prolines and have no values in this plot.
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that had the largest effect on binding were at positions con-
served in all the targets studied here, substitution of the non-
conservedHis�6 position also produced amarked 7-fold reduc-
tion in affinity, whichwas similar inmagnitude to the reduction
resulting from substitution of the conserved residue, Pro�4.
Surprisingly, substitution of Lys3, which appears to make sig-
nificant packing and electrostatic interactionswith the domain,
produced only a small change in affinity.
In Vivo Activity of AbpSH3-interacting Peptides—To evalu-

ate the relevance of the extended peptide binding interface of
the AbpSH3 to in vivo function, we developed a system to test
the biological activity of AbpSH3-interacting peptides. DNA
encoding WT and mutant AbpSH3 target peptides was incor-
porated into a low copy number plasmid that expresses full-
length Ark1p under the control of its native promoter. The
target peptideswere incorporated intoArk1p in such away that
its tandem AbpSH3 binding site (i.e. ArkA plus ArkB) was pre-
cisely replaced by a 17-residue site to be tested. These plasmids
were transformed into a mutant yeast strain (prk1�/ark1-�PP)
in which Ark1p binding to Abp1p is required for cell growth at
37 °C (20). It can be seen in Fig. 4 that a version of Ark1p pos-
sessing only the 17-mer ArkA binding site is able to comple-
ment the mutant strain as well as WT Ark1p. On the other
hand, Ark1p carrying the very weak binding Lys�3 3 Ala
mutant ArkA site mediates cell growth that is as poor as the

empty vector negative control (Fig. 4). These data show that,
under these conditions, cell growth requires a robustly func-
tioning AbpSH3 binding site within Ark1p, and also that the
tandem binding site found within WT Ark1p is not necessary.
Assays of the single residue substitutions in the ArkA site

demonstrated a clear correlation between in vitro binding affin-
ity and in vivo function. Mutants displaying Kd values of 3 �M

(e.g. the Pro2 3 Val mutant) or greater displayed little or no
growth at 37 °C, whereas those with Kd values of 1 or less grew
as well asWT. TheH6Amutant with aKd value of 2�M showed
a marked reduction in growth at 37 °C, but grew considerably
better that weaker bindingmutants (Fig. 4). These results dem-
onstrate that relatively tight binding (i.e. 1 �M) is required for
optimal function of the ArkA site and that the biological func-
tion of this site is sensitive to small changes in affinity. These
data also emphasize that residues at both extremes of the ArkA
site (i.e. from Pro2 to Leu�7) are crucial for in vivo function. It
should be noted that we previously found that an AbpSH3
mutant with a Kd value of only 15 �M for the ArkA peptide was
still able tomediate growth (20), but here target sites with affin-
ities of between 2 and 3�Mdid notmediate robust growth. This
discrepancy is most likely due to the different growth condi-
tions used in the two studies.
We also investigated the biological activity of the 17-residue

Scp1, Sjl2, andArkBbinding sites. The Scp1 sitemediated aWT
level of growth, which was expected, because this site binds
with a Kd of 
1 (Fig. 4). Surprisingly, however, the ArkB site
with a Kd value of 6 �M was able mediate a WT level of cell
growth. Although cells carrying the Sjl2 site (Kd � of 6.1 �M)
grew poorly compared withWT, their growth wasmore robust
than ArkA mutants with the same affinity (e.g. Lys�3 Arg and
Leu�7 Ala) (Fig. 4). Thus, the level of growth observed for
strains carrying the ArkB and Sjl2 sites cannot be predicted
using the correlations found for the ArkAmutant series, imply-
ing that other factors must be at play for these sites.
Conservation of the AbpSH3 Binding Interface and Binding

Sites—To further investigate the importance of the extended
AbpSH3:peptide interface,we analyzed its evolutionary conser-
vation. In Fig. 5AwhereAbpSH3 sequences fromdiverse fungal
species were aligned, it can be seen that 15 of the 16 positions
corresponding to residues comprising the peptide binding
interface are highly conserved (Fig. 5A). This high degree of
conservation across both binding surfaces I and II implies that
these homologues should all recognize similar target
sequences. To test this idea, we aligned fungal homologues of
AbpSH3 target proteins and searched for conserved binding
sites. Inmost Sjl2p homologues, we found a conservedAbpSH3
binding site embedded within a highly diverged region of these
proteins (Fig. 5C). Remarkably, homologous binding sites were
found even in the distantly related species, Cryptococcus neo-
formans and Schizosaccharomyces pombe, which are estimated
to have diverged from yeast 500 million to 1 billion years ago
(38). Homologues of Ark1p also clearly possessed AbpSH3
binding sites (Fig. 5B). Conserved siteswere also found in Scp1p
homologues, but the species distribution of these sites was not
as wide (data not shown). The binding specificity of the
AbpSH3 is conserved not only in fungi, but also in Abp1p
homologues in higher eukaryotes. Fig. 5A shows that AbpSH3

FIGURE 4. Growth assays of cells carrying Ark1p with WT or mutant
AbpSH3 binding sites. The test strain was deleted for Prk1p and possessed
an AbpSH3 binding site deletion in its chromosomal copy of Ark1p. Ark1p
bearing the indicated AbpSH3 binding sites was expressed from a plasmid.
Growth at 37 °C was dependent upon the interaction of the AbpSH3 with the
plasmid-expressed Ark1p. Serial 10-fold dilutions of each culture were spot-
ted on the plate. ArkA refers to the 17-mer ArkA.

Extended Peptide Binding by the Abp1p SH3 Domain

SEPTEMBER 25, 2009 • VOLUME 284 • NUMBER 39 JOURNAL OF BIOLOGICAL CHEMISTRY 26923



sequences from several organisms,
including humans, display a high
degree of sequence similarity to the
fungal sequences, particularly in
binding surface residues. Further-
more, we identified conserved sites
closely resembling AbpSH3 binding
sites in two higher eukaryotic pro-
teins, the adenomatous polyposis
coli protein (Apc) and the faciogeni-
tal dysplasia protein (Fgd1) (Fig. 5,D
and E). It has been experimentally
demonstrated that mouse Fgd1
does directly interact with mouse
Abp1 both in vitro and in vivo (23),
and this interaction is mediated
through the binding site identified
by our computational search. Al-
though Apc has not yet been dem-
onstrated to interact with Abp1, it
does bind directly to actin and
localizes to actin structures within
cells (39); thus, a direct interaction
with Abp1, which localizes to the
same regions, could be expected.
In summary, our sequence conser-
vation data indicate that the tar-
get-specific binding interfaces of
the AbpSH3 are conserved from
yeast to humans.

DISCUSSION

Although several other SH3 do-
mains have been shown to bind to
extended peptides in a manner sim-
ilar to the AbpSH3, our combined
structural, functional, and bioinfor-
matic analysis has provided a com-
pelling argument for the biological
importance of an extended target
peptide interaction. Our NMR
structure showed that the AbpSH3
is in contact with a region spanning
17 residues of its target peptide, and
deletion of residues at either end of
this extended region affected bind-
ing affinity (Fig. 2B). Furthermore,
two of the three key residues for
mediating binding (Pro2 and Leu�7)
are near the N and C termini of the
target peptide, separated by eight
residues, and these same two resi-
dues are also critical for in vivo func-
tion (Fig. 4). Finally, we have shown
that the sequence of AbpSH3 bind-
ing sites is conserved in fungal
Abp1p binding partner homologues
across hundreds of millions of years
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of evolution, and that even the human Abp1 SH3 domain rec-
ognizes a similar binding sequence (Fig. 5). The extreme con-
servation of the AbpSH3 binding can only be explained by con-
cluding that the biological function of this domain requires the
high degree of affinity and/or specificity that is supplied by its
extended site. Our work implies that the “promiscuousmodel,”
in which SH3 domains bind many different targets with rela-
tively low affinity and specificity (6–10), does not apply to the
AbpSH3. Consistent with this conclusion, a previous in vitro
study showed that the ArkA peptide is highly specific for the
AbpSH3 and does not interact at a significant level with any
other yeast SH3 domain (25).
The structure of the AbpSH3�ArkA peptide complex bears

significant similarities to other structures of SH3 domains
bound to extended peptides (12–15, 40). In particular, the
extended region of the ArkA peptide (i.e. those residues C-ter-
minal to position �3), contacts the same residues in the RT-
loop, N-Src loop, and �-strand d as were observed to contact
extended peptide regions in these other structures. The surface
formed by these residues, which we refer to as surface II (Fig.
1D), is much broader and flatter than the PXXP binding surface

(surface I), experiences more con-
formational change on peptide
binding, and can, thus, accommo-
date a variety of peptide conforma-
tions. This feature and the non-con-
served nature of residues lying on
this surface provide an explanation
for the highly divergent specificities
of SH3 domains for peptide regions
extending beyond the PXXP region
(37). Interestingly, the conforma-
tion of the ArkA peptide in our
structure is similar to that seen for
two other SH3-bound extended
peptides in that each peptide dis-
plays a short �- or 310-helical seg-
ment following the region in PPII
conformation (Fig. 6A). Further-
more, each of these peptides (along
with two other similar peptides)
possesses a Pro at the N terminus of
the helical region that may help to
stabilize this conformation. Each
peptide also relies on its C-terminal
extension for high affinity binding
(Fig. 6B). The helical elements
observed in these peptide structures
provide an efficient means to pro-

duce the sharp backbone turn that is required for simultaneous
interaction with both surface I and II on the SH3 domain, and
we expect that this structural motif will occur in many other
complexes of SH3 domains with extended peptides.
In agreement with our previous studies of amino acid substi-

tutions in the AbpSH3 on the yeast Sho1p SH3 domain (20, 41),
our experiments with ArkA peptide mutants clearly demon-
strated a good correlation between themeasured binding affin-
ity of peptides in vitro and their ability to function in vivo with
all mutants with Kd values greater than 3 �M showing little
growth above background (Fig. 4). Unexpectedly, however, the
ArkB peptide, with a Kd value of 6 �M, functioned as well as the
WT ArkA peptide in vivo, and the Sjl2 site also functioned
somewhat better thanmutant ArkA sites with the same affinity.
It appears that peptide-basedKd values may not always capture
all the relevant properties that determine functional ability in
vivo. Although we are currently unable to explain these data,
our results suggest a high sensitivity of the AbpSH3 to the pre-
cise sequence of its targets, and indicate that the information
content of these sequences may be greater than previously

FIGURE 5. Sequence alignments of the AbpSH3 and its conserved target sequences. A, an alignment of the SH3 domains from Abp1p homologues found
in a divergent group of fungal species. Conserved residues in the surface I and surface II peptide binding interfaces are shaded in gray. In this alignment,
positions with �83% conservation are shaded in dark gray, and positions with 75– 83% conservation are shaded light gray. Residues are considered equivalent
for the following groups: (A, I, L, V, M), (F, Y), (D, E), (N, Q), (R, K, H), and (S, T). A standard SH3 domain numbering system is used (36). Below the sequences from
fungal homologues, the sequences of homologues of the AbpSH3 domain from higher eukaryotes are shown. Surface I positions (indicated by “I”) were defined
as those residues with side chains close (within 5 Å or less) to the PPII-helical region of ArkA (residues Pro2 to Pro�2), surface II residues (indicated by “II”) are
close to the ArkA C-terminal extension (residues Pro�4 to Lys�10). Residues on the dividing line between surface I and surface II (i.e. they contact both the PPII
and C-terminal extended region of the peptide) are indicated by “I/II.” B, an alignment of conserved Abp1p binding sites in Ark1/Prk1 homologues. The
standard peptide numbering is shown (3). C, an alignment of conserved Abp1p binding sites in Sjl2 homologues. Sequences flanking the sites on either side
are shown to emphasize the general lack of conservation observed in this region of these proteins. Also shown are alignments of conserved AbpSH3 binding
sites in homologues of the higher eukaryotic proteins Apc (D), and Fgd1 (E).

FIGURE 6. Similarity of the ArkA peptide conformation with other extended peptides bound to SH3
domains. A, structural alignment of the central 12 residues from of bound ArkA (green, this study), with bound
PAK2 (gray, root mean square deviation � 1.4 Å, pdb: 2DF6) and PEP (blue, root mean square deviation � 1.9 Å,
pdb: 1JEG). The side chains at key positions, 2, �1, �3, �6, and �7 are shown. B, alignment of the peptide
sequences shown in A, including two extra peptides found in other complexes. The helical element is boxed,
the surface I PXXP motif is highlighted in red, and the key surface II contact residues within the helical element
are highlighted in blue. Kd values are shown for the WT peptides and peptides where the boxed residues are
mutated or deleted (�C-term). ND, not determined.
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appreciated. It is also interesting that the Sjl2 site, which is
biologically relevant and highly conserved, binds to the
AbpSH3 20-fold more weakly than the ArkA peptide, and does
not function well in vivo within the context of Ark1p. The var-
iation in affinity requirements for sites in different AbpSH3
target proteins may be due to different target protein concen-
trations within the cell, or to differences in the functions of the
complexes in which various target proteins reside.
It is not currently known whether most SH3 domains bind

promiscuously to short peptides, or require higher specificity
interactions as does the AbpSH3. However, examples of SH3
domains binding to extended peptides or to other folded
domains are steadily growing in number (37), and we suspect
that SH3 domains and other protein-protein interaction mod-
ules may generally possess more binding specificity than is cur-
rently appreciated. A deficiency in many studies addressing
SH3 domain specificity is that they focus primarily on PXXP
binding and have investigated peptides that are too short to
encompass the extended binding target for a given domain,
thus missing the important binding contributions of surface II.
For example, the large scale phage display study carried out by
Tong et al. (24) on yeast SH3 domains used only 9-mer target
sequences, and the consensus binding sites from this study pro-
vided the basis for other global yeast SH3 domain studies (8,
42). In one case, this process led to the characterization of
AbpSH3 binding peptides lacking residues beyond the �4 pep-
tide position, which resulted in measured Kd values for target
peptides from Ark1p and Scp1 of 24 and 14 �M, respectively,
and binding to the biologically relevant peptide from Sjl2p was
undetectable (8). Because we have shown that the Leu at the�7
peptide position is crucial for high affinity binding and biolog-
ical activity, the characterization of Abp1p peptides that do not
extend to this position would necessarily be misleading. This
situation demonstrates the confusion that can be caused by the
bipartite nature of the SH3 domain binding interface, and the
difficulty in predicting the interactions mediated by surface II
(37). Furthermore, it is difficult to make conclusions about the
importance of affinity and in vivo function in SH3 domains
unless interactions with biologically relevant target peptides of
sufficient length are being investigated.
In summary, our experimental and bioinformatic results dem-

onstrate that the AbpSH3 interacts with functionally important
extended conserved target binding sites, implying a high degree of
specificity. Given that the extended interface characterized in this
study is structurally similar to several other SH3 domain-peptide
complexes found in higher eukaryotes (12, 14, 15, 43, 44), we
believe these conclusions apply to human SH3 domain func-
tion as well. Future studies such as ours, incorporating
detailed structural, functional, and evolutionary analyses,
may illuminate the importance of extended interactions in
other protein interaction modules.
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