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Solution Structure of the SH3 Domain of Src and
Identification of Its Ligand-Binding Site

Hongtao Yu, Michael K. Rosen, Tae Bum Shin,
Cynthia Seidel-Dugan, Joan S. Brugge, Stuart L. Schreiber*

The Src homology 3 (SH3) region is a protein domain of 55 to 75 amino acids found in many
cytoplasmic proteins, including those that participate in signal transduction pathways. The
solution structure of the SH3 domain of the tyrosine kinase Src was determined by
multidimensional nuclear magnetic resonance methods. The molecule is composed of two
short three-stranded anti-parallel B sheets packed together at approximately right angles.
Studies of the SH3 domain bound to proline-rich peptide ligands revealed a hydrophobic
binding site on the surface of the protein that is lined with the side chains of conserved

aromatic amino acids.

Mutational analysis of the Src protein
kinase suggests that the SH3 domain of this
protein, like the SH2 domain, may act as a
regulatory element with dual functions—to
modulate catalytic activity and to facilitate
binding to other cellular proteins. Deletion
or substitution of amino acids within the
SH3 domain enhances the catalytic activity
and oncogenic potential of Src (I), and
prevents binding of at least one Src sub-
strate (p110) (2). Similar results have been
observed with the SH3 domain of the re-
lated protein tyrosine kinase, Abl (3, 4),
and a protein (3BP-1) has been identified
that binds to the SH3 domains of Abl and
Src in vitro (5). The 3BP-1 protein con-
tains a sequence outside of its SH3 binding
domain that is similar to the guanosine
triphosphatase (GTPase) activation do-
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main of several GTPase activating proteins
(GAPs) that regulate the Rho/Rac family of
guanine nucleotide binding proteins (5).
Although the functional role of the SH3-
3BP-1 interaction in vivo has not been
established, certain SH3 domains appear to
participate in signal transduction pathways
that include both tyrosine kinases and small
guanine nucleotide binding proteins (6-9).
It is possible that these domains bind to
GAPs and guanine nucleotide exchange
factors (GEFs) that regulate the activity of
guanine nucleotide binding proteins.

Neither the ligand specificities nor struc-
tures of SH3 domains have been deter-
mined. We report the structure determina-
tion of the SH3 domain of Src and the
identification of its ligand binding site by
multidimensional nuclear magnetic reso-
nance (NMR) methods. The backbone fold
and receptor site of Src SH3 are unrelated
to those of the SH2 domains in Src, Abl,
and the p85a subunit of phosphatidylinosi-
tol-3’ kinase (PI3'K) (10).

The sequential assignment of a 64-resi-
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Fig. 1. Stereoview of overlay of 20 final refined structures of the Src SH3 domain (residues 85 to 140). The
first eight residues of the SH3-containing peptide showed no NOEs to the remainder of the protein, and
had relaxation rates and chemical shifts indicative of random structure. These residues were not
included in structure calculations. The a-carbon trace and hydrophobic, aromatic side chains are shown.
The side chain of Tyr®°, which lies behind that of Tyr®2, and the disordered surface side chain of Tyr'3!
were removed for clarity. The a-carbon traces are light blue, Tyr side chains are red, Phe side chains are
yellow, and Trp side chains are dark blue. The proximal NH,- and COOH-termini are located on the back
sheet and are labeled N and C, respectively. The average RMSDs, calculated from the average
coordinates, are 0.86 A for the backbone atoms and 1.39 A for all heavy atoms.

Fig. 2. Ribbon trace of the refined average Src
SH3 structure depicting side chains of residues
that show a change in their amide SN or "HN
chemical shifts or both after the binding of the
peptides PPPLPPLV and APTMPPPLPPGGK.
The two peptides derived from 3BP-1 were
synthesized on an ABI peptide synthesizer and
purified by reverse phase high performance
liquid chromatography. The SH3 binding pep-
tide was added to the "SN-labeled SH3 sample
ina 1:1 ratio. "H-"SN HSQC spectra were taken
of '>N-SH3 before and after the addition of
lyophilized peptide. Comparison of the two
pairs of spectra shows that the amide SN or 'H
chemical shifts of residues Tyr%2, Arg®S, Thr,
TthB’ Va|1 1 , Asn1 13’ Thr1 14, G|u1 15, Trp1 18‘
Trp''®, Leu'20, Tyr131, Asn'35, and Tyr136
changed by >0.1 ppm ('H) or >0.5 ppm ('°N)

upon peptide binding, whereas the others remained unaffected. Hydrophobic residues are green,
acidic residues are red, basic residues are blue, and neutral polar residues are purple. Asn''3 and
Thr''4, shown in purple to the left, mark the site of the inserts discussed in the text.

due peptide containing the SH3 domain of
Src [residues 85 to 140; the residue num-
bering system used throughout the text is
that of full-length c-Src from chicken (11)]
was done in a straightforward manner with
three-dimensional 'H total correlation ’N-
'H heteronuclear multiple quantum coher-
ence (TOCSY-HMQC) (12) and 'H nucle-
ar Overhauser enhancement !PN-'H
HMQC (NOESY-HMQC) (12, 13) spectra
in combination with two-dimensional 'H
double quantum filtered correlation spec-
troscopy (DQF-COSY) (14), Relay-COSY
(15), and double quantum (DQ) (16) spec-
tra recorded in H,O (17). Structures were
generated with a simulated annealing pro-
tocol that uses experimental distance and
dihedral angle restraints (18). Derivation of
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experimental restraints is described in the
legend to Table 1. A summary of the struc-
tural and geometrical statistics of the 20 final
calculated structures is shown in Table 1.
The average root-mean-square deviations
(RMSDs) of the 20 calculated structures
(residues 85 to 140) from the mean coordi-
nate positions are 0.86 = 0.17 A for the
backbone atoms and 1.39 = 0.20 A for all
heavy atoms. Residues 93 to 99 and 112 to
117 are less well defined than the rest of the
structure because of a lower density of long-
range and medium-range NOEs. RMSD val-
ues excluding these regions are 0.68 + 0.08
A for the backbone atoms and 1.06 = 0.09
A for all heavy atoms. None of the structures
have NOE violations over 0.3 A or dihedral
angle violations larger than 3°. The atomic
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coordinates of the 20 final structures will be
deposited in the Brookhaven Protein Data
Bank.

The SH3 domain structure consists of
two three-stranded anti-parallel B sheets.
The first sheet consists of residues 107 to
111, 118 to 124, and 129 to 132 (front in
Fig. 1), and has a strong right-handed twist.
The shorter second sheet contains residues
85 t0 92, 99 to 102, and 137 to 140, and is
packed against the first at approximately
right angles. The interface of the sheets
forms a hydrophobic core composed of res-
idues Phe®, Leu'®, Phe!®?, Leu!®8, Ile!0,
lle!32, and Val'*". Similar hydrophobic res-
idues are found in analogous positions in
other SH3 domains. The NH,- and
COOH-termini are located in adjacent
strands at the ends of the second B sheet;
their proximity allows the SH3 domain to
exist as an independent entity in proteins
with minimal disruption of the surrounding
structure. A similar feature is also found in
SH2 domains (10). The SH3 structure has
two other identifiable elements of regular
secondary structure—a type II B turn at
residues 103 to 106 and a 3,, helix at
residues 133 to 137 that consists of two
consecutive type III B turns. The Src SH3
domain contains only three slowly ex-
changing amide protons, which suggests
that the structure may be somewhat flux-
ional (19). This may not be a general
feature of SH3 domains, however, because
the SH3 domain from the p85a subunit of
PI3’K has over thirty slowly exchanging
amide protons under the same buffer condi-
tions (20).

The ligand binding site was inferred
from the identification of amino acid resi-
dues in the *N-labeled SH3 domain that
underwent a change in their '’N or 'HN
chemical shifts after the addition of either
of two peptide ligands. The proline-rich
peptides used in these studies, PPPLPPLV
and APTMPPPLPPGGK, have sequences
derived from a region of 3BP-1 that binds to
the SH3 domains of Abl and Src (5);
mutagenesis has localized the Abl SH3
binding to a ten-residue proline-rich region
in 3BP-1 (21). The ligand-induced pertur-
bations were nearly identical for the two
peptides, indicating that the PPPLPP se-
quence may specifically interact with the
SH3 domain. The perturbed residues define
a slightly curved, hydrophobic depression
on the surface of the protein that is lined
with side chains of aromatic amino acids
(Fig. 2). Residues with ligand-induced
changes in chemical shift are known to
define a larger region of a protein than the
actual receptor-ligand interface (22). Thus,
the length of the SH3 binding site is slight-
ly longer than the approximated length of
an extended (trans-proline) conformation
of the hexapeptide ligand.



Table 1. Structural and energetic statistics for the SH3 domain of Src. Three-dimensional structures were
calculated from the experimental restraints with the program X-PLOR 2.0, by the reported protocol (78,
27). The generated structures were refined with the simulated annealing refinement protocol described
in XPLOR 3.0 with minor modifications (78). The protocol contains a slow-cooling stage with the starting
temperature at 2000K followed by 1000 steps of conjugate gradient energy minimization. The final
concentration of the SH3 NMR sample was 3.6 mM SH3 in a solution containing 90% H,0, 10% D,,0, 100
mM phosphate (pH 6.0), and 100 mM NaCl. The SA, column gives the average and standard deviations
for the indicated variables obtained from the 20 final refined simulated annealing structures. (SA),
represents the average structure of SA, least-square fit to each other including all atoms and refined with
500 steps of steepest-descent energy minimization with the simulated annealing parameters. Distance
and angular RMSDs are from the upper or lower bounds of the distance and angular restraints,
respectively. NOE-based interproton distance restraints were derived from two-dimensional NOESY
and three dimensional NOESY-HMQC spectra. Cross-peak intensities measured in 50 ms NOESY
spectra were used to calibrate distance restraints based on known distances in regular secondary
structural elements. Restraints were divided into three categories: weak (<5.0 A), medium (<3.3 A for
NOEs involving only aliphatic protons, <3.5 A for NOEs involving amide protons), and strong (<2.7
A); 0.5 A was added to the upper limits for restraints involving methyl protons. Ambiguities in
assignment of long-range NOEs involving methyl protons were to some extent resolved by an SH3
sample that was biosynthetically deuterated at the methyl protons of valine and isoleucine (28). We
used 28 side chain x, and 30 backbone ¢ angle restraints; these are based on coupling constants
and cross-peak magnitudes measured in a double quantum filtered COSY spectrum and on
intraresidue NOE data. In all cases, x, values were restricted to a +60° range, allowing stereospecific
assignment of side chain protons based on NOEs from NH and CaH. The set of structural restraints
was built in an iterative manner from initial structures generated with only a subset of the total
restraints.

Parameter SA, (SA),ef
RMSDs from experimental restraints
RMS distance deviations (&)
All (582) 0.017 = 0.003 0.018
Interproton distances
Intraresidue (202) 0.011 = 0.004 0.012
Interresidue sequential (|i — j| = 1) (172) 0.017 £ 0.004 0.024
Interresidue short-range (1 < |i — j| < 5) (32 0.017 = 0.006 0.010
Interresidue long-range (|i — j| > 5) (164) 0.016 = 0.005 0.014
Hydrogen-bond Restraints* (12) 0.021 = 0.009 0.014
RMS dihedral deviations (degrees)
All (58) 0.171 £ 0.052 0.085
Deviations from idealized geometryt
Bonds (A) (888) 0.005 = 0.000 0.005
Angles (degrees) (1585) 1.658 = 0.005 1.656
Impropers (degrees) (428) 0.239 = 0.031 0.231
Energetic statistics (kcal mol=")
Erepeif 3 = 15 5.2
o -91.7 =187 -98.8
Enoel 85 = 25 9.9

*Twelve distance restraints were included for six hydrogen bonds derived from three slowly exchanging amide
protons and from three hydrogen bonds that are conserved in all the calculated structures and located at the
center of the B sheet. tldealized geometries based on CHARMM 19 parameters (29). FThe value of the
quartic repulsive force constant used in the structure calculations was 4 kcal mol—1 A—4, §Calculated with
standard CHARMM 19 parameters (29). The values of the square-well NOE and torsion angle force
constants were 50 kcal mol~! A=2 and 200 kcal mol~' rad-2, respectively.

Many of the conserved amino acid
residues in SH3 domains are found to be
either directly associated with the ligand
binding site or in close proximity to it;
these amino acids may maintain the struc-
ture of the site. The sequence ALYDY
(Src residues 88 to 92), which is the most
characteristic feature of SH3 domains,
defines one end of the receptor site (Figs.
1 and 2). Leu® is found on a B-buige,
packed against Tyr®°. Another conserved
aromatic amino acid, Tyr!?%, also contacts
the side chains of Tyr®® and Tyr®? and
lines the receptor site. A somewhat less
conserved sequence, Src residues Trp'!®
and Trp!!®, is located further away from
Tyr®® and Tyr’2. The side chain of Trp'!®
makes a number of contacts with hydro-
phobic residues in a loop that is expected

to be of variable size in SH3 domains. The
side chain of the more highly conserved
Trp!!® is oriented along the floor of the
receptor site. Because the peptide ligands
induce a change in chemical shift in each
of the aforementioned aromatic amino
acids, it is possible that they all take part
in ligand binding. The other end of the
binding site is defined by the loop contain-
ing Asn!!? and Thr!'!4 (Fig. 2). This would
be the location of the insert of six amino
acids that is found in a form of Src specific
to neuronal cells (23), and of a longer
insert inferred from a cDNA encoding a
putative second form of neuronal Src (24).
The structure suggests a basis for the ob-
servation that the neuronal Src SH3 do-
main displays weaker interactions with
binding proteins than its non-neuronal
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variant (5, 25). It is likely that the insert
will interfere with contacts normally made
to the bound peptide at this end of the
binding site. We anticipate that this same
site cotresponds to an insert in the larger
(~75-amino acid) SH3 domain of the
p85a subunit of PI3’K (26).

Although several residues in the ligand
binding site are highly conserved among
the different SH3 domains, there are many
amino acids in the site that show little
conservation (26). As it seems likely that
all SH3 domains will adopt a similar three-
dimensional structure, this lack of conser-
vation implies that their binding specifici-
ties may be highly variable. Therefore,
different SH3 domains may interact with
distinct peptide motifs and thus mediate
specific protein-protein interactions.
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Behavioral Lifetime of Human Auditory Sensory
Memory Predicted by Physiological Measures

Z.-L. Lu, S. J. Williamson,* L. Kaufman

Noninvasive magnetoencephalography makes it possible to identify the cortical area in the
human brain whose activity reflects the decay of passive sensory storage of information
about auditory stimuli (echoic memory). The lifetime for decay of the neuronal activation
trace in primary auditory cortex was found to predict the psychophysically determined
duration of memory for the loudness of a tone. Although memory for the loudness of a
specific tone is lost, the remembered loudness decays toward the global mean of all of the
loudnesses to which a subject is exposed in a series of trials.

Stimulation of human sense organs is ini-
tially represented for a brief period by a
literal, labile, and modality-specific neural
copy. The term iconic memory refers to the
initial representation of visual stimuli, and
echoic memory is its counterpart for audi-
tory stimulation (1). The latter form of
memory is essential for integration of acous-
tic information presented sequentially over
an appreciable period of time (2). Memory
experiments suggest that the duration of
echoic memory is about 2 to 5 s (3). We
lack physiological evidence for the locus of
echoic memory, although psychophysical
experiments (4) suggest a central rather
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than peripheral site for memory storage.
The nature of decay of sensory memory
is by no means clear. The simple decay of
sensory memory could be reflected by an
increase in uncertainty of the comparison of
recently heard memory items with a probe
item. However, even this approach might
be constrained by the possibility that sub-
jects retain general information about the
context but lose information about the
specific item. Early in this century, Holling-
worth (5) discovered a central tendency:
The judged magnitude of a stimulus (mea-
sured in different modalities) lies near the
middle of the range of stimuli used in the
experiment (6). The range of stimuli also
affects subsequent judgments of these stim-
uli (7). Experiments using the method of
partial report (8) suggest that the decay of
sensory memory is a passive process, so that
it may well be reflected in reproducible
characteristics of neuronal activity.
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Experiments with animals (9) indicate
the presence of a neuronal memory trace by
a decrement in the responses of single cells
when a stimulus is presented repetitive-
ly. Advances in magnetoencephalography
(MEG) have made it possible to determine
noninvasively the strength of neuronal ac-
tivity in specific sensory regions in the
human brain with high sensitivity and tem-
poral resolution (10). This technique re-
vealed that the neuronal activation trace in
primary auditory cortex established 100 ms
after the onset of a tone stimulus (the N100
component) decays exponentially with
time. This approach also showed that the
lifetime in association cortex is several sec-
onds longer than that in primary cortex
(11). These findings confirm the idea that
short-term memory traces are modality-spe-
cific (12). Further, the results show that the
N100 component of the event-related po-
tential or field may well play a role in
echoic memory, although no evidence was
found for this component that supports
short-term memory scanning (working
memory) (13).

Four right-handed adults (two males and
two females) volunteered as subjects after
providing informed consent (14). The task
for each subject was a two-alternative
forced choice: press one button if the probe
tone appeared louder than the test tone or
the other button if it appeared softer (15).
No immediate feedback was provided, but
subjects were informed of the experimental
results after the end of each session. A total
of 6000 trials was collected for each subject.
All the analyses were based on the data
after exclusion of the first 20% of the trials
of every session. We discounted these re-
sults because it was during this first set of
presentations that the range of the loudness
in the session was established. For each
delay condition, a cumulative Gaussian dis-
tribution was fit to the psychophysical data
of loudness judgments. The equal loudness
point was defined as the mean of the Gaus-
sian distribution, and the uncertainty was
the standard deviation of the distribution.
Separate magnetic field recordings of audi-
tory-evoked responses of similar tones were
also collected for the subjects for whom
there were no existing MEG data (11).

Figure 1 illustrates the neuromagnetic
data with which the psychophysical data
were compared. The strength of the N100
component of the response of primary au-
ditory cortex increased with the interstim-
ulus interval (ISI) and approached a maxi-
mum value for ISIs exceeding a few sec-
onds. In all cases, such curves could be fit
by the mathematical expression A(l —
e~ @1/ with fitting parameters of ampli-
tude A, lifetime T, and time of decay onset
t, (16). We emphasize that the shape of the
curve in each case is determined by a single
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