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ABSTRACT: Src homology 3 (SH3) domains are small noncatalytic protein modules capable of mediating
protein-protein interactions. We previously demonstrated that the association of a ligand peptide RLP1
(RKLPPRPSK) causes environmental and structural changes of Trp55 and some of seven Tyr residues in
the phosphatidylinositol 3-kinase (PI3K) SH3 domain by circular dichroism (CD) and 235-nm excited
UV resonance Raman (UVRR) spectroscopies [Okishio, N., et al. (2000)Biopolymers 57, 208-217]. In
this work, the affected Tyr residues were identified as Tyr12, Tyr14, and Tyr73 by the CD analysis of a
series of mutants, in which every single Tyr residue was replaced by a Phe residue. Among these three
residues, Tyr14 was found to be a main contributor to the UVRR spectral change upon the RLP1 binding.
Interestingly, CD and UVRR analyses revealed that RLP1 associates with the Y14F and Y14H mutants
in different ways. These results suggest that Tyr14 plays a crucial role in the ligand recognition, and the
amino acid substitution at Tyr14 affects the mode of PI3K SH3-ligand interaction. Our findings give an
insight into how SH3 domains can produce diversity and specificity to transduce signaling within cells.

The class IA phosphatidylinositol 3-kinase (PI3K)1 is a
heterodimeric enzyme composed of a noncatalytic 85 kDa
(p85) subunit and a catalytic 110 kDa (p110) subunit that
contains PI3K and serine kinase activities. The noncatalytic
subunit has several functional domains including a Src
homology 3 (SH3) domain, a breakpoint cluster region
homology domain, two proline-rich regions, and two Src
homology 2 domains. This structural feature denotes that p85
may have multiple interactive and regulatory functions (1,
2). For example, several proteins such as dynamin (3),
CDC42GAP (4), Shc (5), and FAK (6) have been identified
to interact with the p85 SH3 domain (the PI3K SH3 domain).
This indicates that the PI3K SH3 domain plays important
roles in signal transduction pathways.

UV resonance Raman (UVRR) spectroscopy is a powerful
technique to selectively examine environmental and structural
changes of aromatic residues in proteins (7-10). This method

so far has been used to elucidate roles of particular aromatic
residues in hemoglobin cooperativity (11-14) and to detect
phosphorylation-induced microstructural changes of a Tyr
residue in two kinds of Src-derived peptides (15).

In the previous study (16), we applied 235-nm excited
UVRR spectroscopy in combination with circular dichroism
(CD) to examine environmental and structural changes of
Trp and Tyr residues in the PI3K SH3 domain induced by
the association of a ligand peptide RLP1 (RKLPPRPSK)
(17), and we revealed that Trp55 and some of seven Tyr
residues are involved in the RLP1 interaction. In this work,
we specified the responsible Tyr residues with the use of a
series of Tyrf Phe (Yf F) mutants and the Y14H (Tyr14
f His) mutant. The mechanisms by which SH3 domains
increase their diversity and regulate specific protein-protein
interactions will be discussed.

MATERIALS AND METHODS

Sample Preparation.The recombinant wild-type and
mutant PI3K SH3 domains were prepared as described
previously (16, 18). The concentration of proteins was
determined by absorbance at 280 nm. The extinction co-
efficient of proteins denatured in 6 M guanidine hydrochlo-
ride (Gnd-HCl) solution was calculated according to the
method of Gill and von Hippel (19). The values are 14 650
M-1 cm-1 for the wild type and 13 370 M-1 cm-1 for the
Phe- or His-substituted mutants. The purified synthetic
peptide, RLP1 (RKLPPRPSK-NH2), was prepared as de-
scribed previously (16).
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CD Measurements.CD spectra were recorded on a Jasco
J-725 spectropolarimeter at 25°C. The instrument was
calibrated withd-10-camphorsulfonic acid. CD spectra were
acquired for a light path of 1 mm at a scan speed of 50 nm
min-1 with a 1 nmslit width and a 1 sresponse time. For
each experiment, 20 spectra were obtained and averaged.
CD data were expressed in terms of mean residue molar
ellipticity (θ) (deg cm2 dmol-1). Sodium sulfate was used
for an internal intensity standard in UVRR spectroscopy and,
therefore, was added to CD samples to compare directly
UVRR and CD data. Sample concentration was 0.05 mM
SH3 with or without 0.2 mM RLP1 (for the far-UV region:
ca. 200-250 nm) or 0.2 mM SH3 with or without 0.8 mM
RLP1 (for the near-UV region: ca. 250-300 nm) in 50 mM
Tris-HCl (pH 7.2) containing 100 mM sodium sulfate. Under
this condition, ca. 80-95% (for 0.05 mM SH3) or more than
95% (for 0.2 mM SH3) of PI3K SH3 and its mutants was
estimated to be in the RLP1-bound form on the basis of their
dissociation constant (Kd) values (18). Gnd-HCl was added
to the final concentration of 6 M for the denatured condition.

UVRR Measurements.UVRR spectra were obtained with
a XeCl excimer laser-pumped dye laser system (EMG103-
MSC/LPX120 and FL2002/SCANMATE, Lambda Physik)
(14, 20). The 308-nm line from a XeCl excimer laser
(operated at 100 Hz) was used to excite coumarin 480, and
the 470-nm output from the dye laser was frequency-doubled
with a â-BaB2O4 crystal to generate 235-nm pulses. The
Raman excitation radiation (2-3 mJ cm-2) was directed into
the sample solution contained in a spinning cell from a lower
front side. The scattered radiation was collected with
Cassegrainian optics with f/1.1 and dispersed with an
asymmetric double monochromator (Spex 1404) in which
the gratings in the first and second dispersion steps are 2400
(holographic) and 1200 grooves mm-1 (machine-ruled, 500-
nm blaze), respectively. The Raman scattering was detected
by an intensified photodiode array (PC-IMD/C5222-0110G,
Hamamatsu Photonics). The temperature of a sample solution
was kept at room temperature by flushing with cooled
nitrogen gas against the cell. One spectrum is a sum of 400
exposures, each exposure accumulating the data for 0.8 s.
The spinning cell was moved vertically by 1 mm after
acquiring each spectrum to shift a laser illumination spot on
the sample. The sample was replaced with a fresh one after
obtaining eight spectra. A UVRR spectrum presented is a
sum of 24 spectra. Raman shifts were calibrated with
cyclohexane. Sample concentration was 0.2 mM SH3 with
or without 0.8 mM RLP1 in 50 mM Tris-HCl (pH 7.2)
containing 100 mM sodium sulfate. Under this condition,
more than 95% of the measured SH3 domains was estimated
to be in the RLP1-bound form. The 982-cm-1 band of sulfate
ions was used to normalize the ordinate scales of spectra
and to calculate differences. In the 235-nm excited UVRR
spectra,L-Tyr andL-Trp do not have any detectable RR bands
in the region of ca. 900-950 cm-1 (data not shown).
Therefore, the small spectral differences in this region were
regarded as noise and used to evaluate the signal-to-noise
ratios of the results.

RESULTS

CD Analysis. Figure 1 shows the UV CD spectra of PI3K
SH3 in the native and denatured conditions. In the near-UV
region, CD bands of proteins are generally dominated by

contributions from aromatic side chains and disulfides (21-
23). Since PI3K SH3 contains seven Tyr (Tyr6, Tyr8, Tyr12,
Tyr14, Tyr59, Tyr73, and Tyr76), one Trp (Trp55), two Phe
(Phe42 and Phe69), and no Cys residues, the CD bands in
the near-UV region are attributed to the asymmetrical
surroundings of these aromatic side chains. The loss of near-
UV CD bands in the denatured condition indicates that the
asymmetric environments around aromatic residues in the
native state are disrupted upon unfolding. In the far-UV
region, a peak at 236 nm disappeared, and spectral features
typical of an unordered polypeptide backbone were observed
in the denatured condition, which are characterized by a weak
positive or negative band near 220 nm contiguous to a strong
negative band in the shorter wavelength (22). These observa-
tions indicate that the CD bands both in the near-UV and
230-nm regions are sensitive to environmental and structural
changes of the SH3 domain, and thus it is useful to monitor
them.

Figure 2 shows the UV CD spectra of the wild type and
the Y f F mutants of PI3K SH3 with or without RLP1.
Spectral changes induced by RLP1 are clearly seen in their
difference spectra shown in Figure 3. The difference spectra
of the Y12F, Y14F, and Y73F mutants (parts D, E, and G
of Figure 3, respectively) were totally different from that of
the wild type (Figure 3A) and from each other. The other Y
f F mutants showed difference spectra quite similar to that
of the wild type in both the near- and far-UV regions.

UVRR Analysis.The Y f F mutants of Tyr12, Tyr14,
and Tyr73 were further subjected to the 235-nm excited
UVRR analysis and compared with the wild type (Figure
4). The Y76F mutant, which had a similar CD spectral
change to that of the wild type upon the RLP1 addition
(Figure 3H), was also used for comparison. At this excitation
wavelength, a strong enhancement is expected for the
vibrational modes associated with Trp and Tyr residues, and
the frequencies and intensities of these bands are known to
be sensitive to side-chain structure, environmental hydro-
phobicity and polarity, and a hydrogen bonding state (7-
10). The Raman bands of the wild type and the mutants were
seen at 1207 (Y7a), 1173 (Y9a), 1010 (W16), 854 and 830
(Tyr doublet, Y1 and 2× Y16a), and 759 cm-1 (W18). In
the case of RLP1, which has no aromatic residues, only the
982-cm-1 band of the sulfate ions was observed (Figure 4P).

The addition of RLP1 brought about characteristic changes
in each RR band. The spectral changes of the Y12F, Y73F,

FIGURE 1: UV CD spectra of the native (dotted line) and denatured
(solid line) PI3K SH3 domain in 50 mM Tris-HCl (pH 7.2)
containing 100 mM sodium sulfate. For the denatured condition,
Gnd-HCl was added to the final concentration of 6 M.
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and Y76F mutants were similar to that of the wild type:
intensity decrements of W16 (ca. 10-15%) and W18 (ca.
15-20%), intensity increments of Y7a (ca. 5-10%), Y9a
(ca. 5-10%), and Tyr doublet (ca. 5-10%), and a frequency
downshift by 2 cm-1 of W18. The spectral differences are
much larger than the level of noise (see Materials and
Methods) and thus thought to be significant.

The intensity increments of Trp (or Tyr) Raman bands
indicate that a Trp (or Tyr) residue is placed in a more
hydrophobic (less polar) environment and may have hydro-
gen bonding with a proton acceptor (24-26). On the other
hand, the frequency of W18 is known to be upshifted when

the indole NH site is more strongly hydrogen bonded with
a proton acceptor in a hydrophobic environment (25).
Therefore, in the Y12F, Y73F, and Y76F mutants as well
as the wild type, Trp55, a unique Trp residue in PI3K SH3,
is placed in a less hydrophobic (more polar) environment,
and its hydrogen bonding is reduced or depleted, whereas a
Tyr residue(s) is placed in a more hydrophobic (less polar)
environment and may have hydrogen bonding.

On the contrary, in the Y14F mutant, intensity changes
of the Trp Raman bands as well as the Tyr doublet band
were not so obvious, although the W18 band showed the
same frequency downshift (2 cm-1) as the case of the wild

FIGURE 2: UV CD spectra of the PI3K SH3 domain and its Yf F mutants with (solid line) or without (dotted line) RLP1: (A) wild type;
(B) Y6F mutant; (C) Y8F mutant; (D) Y12F mutant; (E) Y14F mutant; (F) Y59F mutant; (G) Y73F mutant; (H) Y76F mutant. The spectrum
of free RLP1 is drawn with a dashed line in (A) and is subtracted from those of the mixture of the SH3 domain and RLP1. The spectral
intensity of RLP1 should be drawn in 2.5 times larger when the ordinate scale is represented in terms of mean residue molar ellipticity,
because it consists of nine residues (90 residues for the SH3 domain) and its concentration was 4 times higher than that of the SH3 domain.
The sample concentration was 0.05 mM SH3 with or without 0.2 mM RLP1 (0.2 mM SH3 with or without 0.8 mM RLP1 for 10-fold
expanded spectra) in 50 mM Tris-HCl buffer (pH 7.2) containing 100 mM sodium sulfate.
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type (Figure 5). This indicates that, in the Y14F mutant, the
RLP1-induced environmental change of Trp55 is not so
prominent as in the wild type, although its hydrogen bonding
is similarly reduced or depleted. Also, the RLP1-induced
change of a Tyr residue(s) in the Y14F mutant is different
from that in the wild type.

It is also noteworthy that there are small differences in
the frequency of a difference peak derived from Y9a among
the wild type and the Y12F, Y14F, Y73F, and Y76F
mutants: 1168-1169 cm-1 for the wild type and the Y14F
and Y76F mutants and 1164-1165 cm-1 for the Y12F and
Y73F mutants. The Y9a frequency is known to be sensitive
to the dihedral angle (τCO) formed between the COH and
benzene planes (27); the largerτCO angle gives the lower
frequency (1177-1179 cm-1 for 1.4°, 1174 cm-1 for 11.7°,
and 1173 cm-1 for 17.4°). Therefore, theτCO angle of a Tyr
residue in the Y12F or Y73F mutant is thought to be larger
than that in the wild type when bound to RLP1.

The UVRR spectral changes in the Y6F, Y8F, and Y59F
mutants induced by RLP1 were also examined. The differ-

ence spectra of these mutants between with and with-
out RLP1 were similar to that of the wild type, as was
observed in the Y76F mutant (see Supporting Informa-
tion).

Y14H Mutant.To investigate effects of the mutation at
Tyr14 in detail, we measured the CD and UVRR spectra of
the Y14H mutant with or without RLP1. His was selected
for the substitution because its side chain has a ring structure
of a similar size with Tyr and Phe but has a more hydrophilic
character than them.

The UV CD spectral change of the Y14H mutant upon
the RLP1 binding is shown in Figure 6. The addition of RLP1
to the Y14H mutant induced a larger change in the near-UV
region than the case of its addition to the wild type or the
Y14F mutant (Figure 6B). Regarding that Phe and His
residues generally do not contribute to the CD bands longer
than 270 nm (21), the spectral differences between the Y14F
and Y14H mutants are due to the fact that different
environmental and structural changes are induced by RLP1
to Trp55 and/or other Tyr residues than Tyr14.

FIGURE 3: UV CD difference spectra of the PI3K SH3 domain and its Yf F mutants between with and without RLP1: (A) wild type; (B)
Y6F mutant; (C) Y8F mutant; (D) Y12F mutant; (E) Y14F mutant; (F) Y59F mutant; (G) Y73F mutant; (H) Y76F mutant. In panels B-H,
the difference spectra of the wild type between with and without RLP1 are drawn in a dotted line for comparison.
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Figure 7 shows the UVRR spectra of the Y14H mutant
with or without RLP1. There were no significant differences
between the Y14H and Y14F mutants before the RLP1
addition (Figure 7F). However, spectral changes induced by
RLP1 were quite different from each other (Figure 7C,E).
Upon the RLP1 addition, the intensity of Trp Raman bands
in the Y14H mutant decreased like those in the wild type
(Figure 7C,D), but there were no discernible changes in Tyr
Raman bands. The W18 band of the Y14H mutant showed
the same frequency downshift (2 cm-1) as the cases of the
wild type and the Y14F mutant (Figure 5).

DISCUSSION

Assignment of Tyr Residues InVolVed in the Ligand
Recognition.We recently constructed a series of Yf F
mutants of PI3K SH3 and determined their binding affinities
for RLP1 by CD analysis (Table 1) (18); the Kd values of

the Y12F, Y14F, and Y73F mutants are 17, 7, and 16µM,
respectively, and those of the wild type and the other Yf
F mutants are 19-20 µM. These results indicate that the
substitution of a Phe residue for a nonconserved Tyr residue
(Tyr6, Tyr8, Tyr59, or Tyr76) does not cause any discernible
change in the binding affinity, and that the alteration of a
Kd value is small even in the substituent for a conserved
Tyr residue (Tyr12, Tyr14, or Tyr73). Therefore, the Yf
F mutations generally do not induce such large conforma-
tional changes as to deform the ligand binding cleft and
disrupt the SH3-ligand interaction, and thus it is possible
to assign a Tyr residue responsible for the ligand binding
by comparing the CD and UVRR spectra of the wild type
and the Yf F mutants with or without RLP1.

As shown in Figure 3, the RLP1 binding induced similar
spectral changes among the Yf F mutants of the noncon-
served Tyr residues (Tyr6, Tyr8, Tyr59, and Tyr76) (parts
B, C, F, and H, respectively). In addition, their spectral
changes were almost identical to that of the wild type (Figure
3A). On the contrary, distinct spectral changes were observed

FIGURE 4: The 235-nm excited UVRR spectra of the wild type
(A-C) and the mutants of Y12F (D-F), Y14F (G-I), Y73F
(J-L), and Y76F (M-O) in the presence (A, D, G, J, and M) or
absence (B, E, H, K, and N) of RLP1, and their 7-fold difference
spectra (C, F, I, L, and O). The spectrum of RLP1 (P) is also shown.
The Raman bands of Trp and Tyr vibrations are labeled by W and
Y, respectively, at the top with their mode designations established
by Harada and Takeuchi (8). The asterisk denotes the Raman band
of sulfate ions (982 cm-1) used as an internal intensity standard.
The sample concentration was 0.2 mM SH3 with or without 0.8
mM RLP1 in 50 mM Tris-HCl buffer (pH 7.2) containing 100 mM
sodium sulfate.

FIGURE 5: The expanded UVRR spectra of the W18 region of the
wild type (upper), the Y14F mutant (middle), and the Y14H mutant
(lower) in the presence (solid line) or absence (dotted line) of RLP1.

FIGURE 6: UV CD spectra of the Y14H mutant with (solid line) or
without (dotted line) RLP1 (A), and their difference spectra (B).
In panel B, the difference spectra between with and without RLP1
of the Y14H mutant (solid line) are drawn with those of the Y14F
mutant (dotted line) and the wild type (dashed line). Experimental
conditions were the same with those in Figures 2 and 3.
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in the mutants of the conserved Tyr residues (Tyr12, Tyr14,
and Tyr73) (parts D, E, and G of Figure 3, respectively).
Therefore, we concluded that all of the conserved Tyr
residues participate in the ligand recognition. Yu et al. (17)
determined the solution structure of PI3K SH3 complexed
with RLP1 and reported that the binding energy for complex
formation is mostly derived from the following hydrophobic
contacts: Leu3 of RLP1 with Trp55, Pro70, Thr72, and
Tyr73; Pro4 of RLP1 with Tyr14, Trp55, Pro70, and Tyr73;
Pro7 of RLP1 with Tyr12. Their results show that the three
Tyr residues (Tyr12, Tyr14, and Tyr73) as well as Trp55
are involved in the RLP1 binding, which is consistent with
our CD analysis.

The Y f F mutants were further subjected to UVRR
analysis and compared with the wild type. The RLP1 binding
induced similar spectral changes among the Yf F mutants
of the nonconserved Tyr residues (Tyr6, Tyr8, Tyr59, and
Tyr76) (Supporting Information and Figure 4O) and the wild
type (Figure 4C), as was observed in the CD analysis. This
suggests that the nonconserved Tyr residues are not much
involved in the RLP1 binding. For the Y12F and Y73F
mutants, their UVRR spectral changes induced by RLP1 were
almost identical to that of the wild type (parts C, F, and L
of Figure 4). This indicates that the Y12F and Y73F mutants
interact with RLP1 in a rather similar way to the wild type
and that the contribution of Tyr12 and Tyr73 to the spectral
changes of Tyr Raman bands in the wild type are small.

On the contrary, the UVRR spectral change of the Y14F
mutant was significantly different from that of the wild type
(Figure 4C,I). It suggests that Tyr14 contributes most to the

RLP1 recognition by the wild type. However, the contribu-
tion of Tyr14 could not be evaluated exactly because the
Y14F mutant interacts with RLP1 in a different way from
the wild type, as is indicated by the different appearance of
Trp Raman bands (W16 and W18) between them. Therefore,
we used the Y14H mutant to assess the contribution of Tyr14.
This mutant has aKd value of 33µM for RLP1 (Table 1)
(18) and thus, like the Yf F mutants, maintains a functional
ligand binding surface. In addition, the Y14H mutant gives
similar spectral changes in Trp Raman bands to the wild
type, which indicates the resemblance of their RLP1 binding
modes. In this binding state, spectral changes in Tyr Raman
bands of the Y14H mutant were not detected due to the
absence of Tyr14. Accordingly, we concluded that Tyr14 is
most critical for the RLP1-induced spectral changes of Tyr
Raman bands in the wild-type SH3 domain.

A possible factor responsible for the spectral changes in
Tyr Raman bands is a hydrophobic contact between Tyr14
and Pro4 of RLP1. The effect of Yf F mutation on the
binding affinity for RLP1 is most prominent in the Y14F
mutant (Kd, 7 µM), and the affinity is decreased in the Y14H
mutant (Kd, 33 µM) where more hydrophilic substitution is
introduced (Table 1) (18). On the other hand, theKd values
of the Y12F and Y73F mutants (17 and 16µM, respectively)
are similar to that of the wild type (19µM) (Table 1) (18).
These results provide evidence that Tyr14 is the most crucial
Tyr residue for the proper hydrophobic interaction with
RLP1. This is reinforced by the results obtained by Yu et
al. (17), who found that the binding affinities for the SH3
domain are decreased by ca. 4-, 15-, and 6-fold in the RLP1
mutants of L3A (Leu3f Ala), P4A (Pro4f Ala), and P7A
(Pro7f Ala), respectively (Table 2).

Alteration of the hydrogen bonding state of Tyr14 may
also contribute to the RLP1-induced intensity changes in Tyr
Raman bands. In the ligand-free structure, Hη and Oη of
Tyr14 are close to Oδ2 of Asp21 and the backbone amide
proton of Glu17 or Arg18, respectively (28). In the RLP1-
bound structure, they are in the proximity of the backbone
carbonyl oxygen of Lys15 and Hη1s or Hε of Arg1 of RLP1,
respectively (17). Therefore, the hydrogen bonding state of
Tyr14 appears to be different between the uncomplex and
complex states.

Modulation of the Ligand Binding Mode.The RLP1
addition caused distinct environmental and structural changes
of Trp55 and a Tyr residue(s) among the wild type, the Y14F
mutant, and the Y14H mutant. As for the wild type, the
intensity of Trp Raman bands was decreased, and the
frequency of W18 was downshifted (Figure 5A,B). This is
likely because Trp55 becomes surrounded by proton donors
of RLP1 such as a guanidino side chain of Arg1 and
backbone amino or amide groups of Arg1, Lys2, and Leu3
(16, 17). This is also the case with the Y14H mutant, which

FIGURE 7: The 235-nm excited UVRR spectra of the Y14H mutant
in the presence (A) or absence (B) of RLP1, and their 7-fold
difference spectra (C). The 7-fold difference spectra of the wild
type and the Y14F mutant between with and without RLP1 (D and
E, respectively) and that between Y14F and Y14H mutants (F) are
also shown. Experimental conditions were the same with those in
Figure 4.

Table 1: Dissociation Constants of PI3K SH3 and Its Mutants for
RLP1a

PI3K SH3 Kd (µM) PI3K SH3 Kd (µM)

wild type 19 Y59F 20
Y6F 20 Y73F 16
Y8F 20 Y76F 19
Y12F 17 Y14H 33
Y14F 7

a Reported previously by Okishio et al. (18). Kd values were obtained
by CD measurements.

Table 2: Dissociation Constants of RLP1 and Its Mutants for PI3K
SH3a

RLP1 Kd (µM) RLP1 Kd (µM)

wild type 9.1 P4A 140
R1A 98.0 P5A 16.5
K2A 9.7 R6A 29
L3A 37 P7A 53

a Reported previously by Yu et al. (17). Kd values were determined
by fluorescence measurements.
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shows similar changes of Trp Raman bands upon RLP1
binding (Figure 5E,F). In the Y14F mutant, the intensity
change of Trp Raman bands was not observed, although the
frequency of W18 was downshifted (Figure 5C,D). This
suggests that the enclosure of Trp55 by the proton donors
of RLP1 may be weak in the Y14F mutant.

The intensity of Tyr Raman bands in the wild type was
increased by the RLP1 addition (Figure 7D). This is due to
the environmental and structural changes of Tyr14 caused
by RLP1. The loss of intensity changes of Tyr Raman bands
in the Y14H mutant (Figure 7C) provides evidence that no
other Tyr residues than Tyr14 are much involved in the RLP1
recognition by the wild type. In contrast with the wild type,
the intensity increments of Tyr Raman bands in the Y14F
mutant (Figure 7E) denote that some Tyr residue(s) other
than Tyr14 is placed in a more hydrophobic (less polar)
environment and may have hydrogen bonding. The respon-
sible Tyr residue in the Y14F mutant is likely to be Tyr12
and/or Tyr73, because Tyr residues which participate in the
ligand recognition are limited to Tyr12, Tyr14, and Tyr73.

As discussed above, the wild type and the Y14H mutant
are similar to each other but different from the Y14F mutant
in the RLP1 binding mode. The factors capable of affecting
the SH3-RLP1 interaction are a hydrophobic contact
between Tyr14 and Pro4 of RLP1 as well as a hydrogen
bond between a phenolic OH group of Tyr14 and a guanidino
group of Arg1 of RLP1. Models showing possible effects
of the Y14F and Y14H mutations are depicted in Figure 8.
In the wild type, the SH3-RLP1 interaction appears to be
stabilized in part by a hydrophobic contact between Tyr14
and Pro4 of RLP1 as well as a hydrogen bond between Oη

of Tyr14 and Hη11 (or Hη12) of Arg1 of RLP1. Trp55 is
surrounded by proton donors such as a guanidino side chain
of Arg1 and backbone amino or amide groups of Arg1, Lys2,
and Leu3 (Figure 8A). The Y14F mutation probably strength-
ens the hydrophobic interaction with Pro4. In addition to
this effect, depletion of the hydrogen bonding with Arg1 may
affect the RLP1 binding mode, in which Trp55 is less
surrounded by proton donors (Figure 8B). In the Y14H
mutant, the hydrophobic interaction with Pro4 may be weak.
However, preservation of the hydrogen bond between His14
and Arg1 may minimize the effect of the mutation on the
RLP1 binding mode (Figure 8C).

The SH3-RLP1 interaction may be somewhat affected
by the Yf F mutation at Tyr12 or Tyr73, because the Y9a
difference peaks of the Y12F and Y73F mutants were
downshifted by 4-5 cm-1 as compared with that of the wild
type or the other mutants (Figure 4 and Supporting Informa-
tion). The most plausible Tyr residue responsible for the
spectral changes of Tyr Raman bands in the Y12F and Y73F
mutants is Tyr14, because UVRR analyses suggest that the
Y12F and Y73F mutants interact with RLP1 in a rather
similar way to the wild type and that the contribution of
Tyr12 and Tyr73 to the spectral changes in Tyr Raman bands
are small. Accordingly, theτCO angle of Tyr14 in these
mutants is likely to be larger than that in the wild type when
bound to RLP1.

Mechanisms by Which SH3 Domains Produce DiVersity
and Specificity.Alteration of the general ligand binding mode
by the amino acid substitutions for the conserved Tyr residues
in PI3K SH3 gives an insight into how each SH3 domain
can produce diversity and specificity at the same time. It is

well known that specific signaling is achieved by the high
affinity and specific binding of a particular SH3 domain to
its ligand. Several studies identified the ligand sequences
which can bind to SH3 domains with high affinity and
specificity (29-31). These ligands bind to SH3 domains in
two opposite orientations (plus and minus) and typically have
a consensus sequence of RXΦPXXP (class I) or PXΦPXR
(class II) (Φ and X stand for hydrophobic and any amino
acid residues, respectively) (32, 33). The binding orientation
is determined by the interaction between a conserved acidic
residue in SH3 domains (Asp21 in PI3K SH3) and a basic
residue in ligands (Arg1 in RLP1). It is likely that RLP1
binds to the Y14F and Y14H mutants in the same direction,
because both Asp21 in the domain and Arg1 in RLP1 are
preserved in these mutants. However, the present observation
stresses that their ways to associate with RLP1 are different
from each other, suggesting that the SH3-ligand interaction
is so finely regulated and modulated by small structural
changes in the hydrophobic cleft of the domain. This could
be an additional mechanism to give variety to the ligand
recognition by SH3 domains.

Prominent effect of a single mutation in a ligand binding
site on both ligand specificity and a binding mode were
clearly demonstrated in the Src SH2 domain. The wild-type
Src SH2 domain binds the phosphopeptides containing

FIGURE 8: Models showing possible effects of the Y14F and Y14H
mutations of PI3K SH3 on the SH3-RLP1 interaction. The side
chains of Tyr12, Tyr14, Trp55, and Tyr73 of PI3K SH3 and those
of Arg1 and Pro4 of RLP1 are depicted with the CR backbone trace
of RLP1. (A) In the wild type, the interaction is stabilized in part
by a hydrophobic contact between Tyr14 and Pro4 of RLP1 as well
as a hydrogen bond between Oη of Tyr14 and Hη11 (or Hη12) of
Arg1 of RLP1. Trp55 is surrounded by proton donors of RLP1
such as a guanidino side chain of Arg1 and backbone amino or
amide groups of Arg1, Lys2, and Leu3. (B) The Y14F mutation is
likely to strengthen the hydrophobic interaction with Pro4. However,
the mutation may cause the depletion of the hydrogen bonding with
Arg1 and alter the RLP1 binding mode. (C) The hydrophobic
contact between His14 and Pro4 in the Y14H mutant may be not
so strong. However, preservation of the hydrogen bond between
His14 and Arg1 may minimize the effect of the mutation on the
RLP1 binding.
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pYEEI (Glu at the+1 position, Glu at+2, and Ile at+3)
motif in an extended conformation. However, a single
substitution of Thr215 to Trp switches the sequence prefer-
ence to an Asn requirement at the+2 position (34), and this
mutated domain binds pYVNV-containing phosphopeptides
in a â-turn conformation (35). Such alterations are also
possible in SH3 domains. Our study suggests that ligand
binding pockets of SH3 domains are so flexible and variable
as to accommodate their structures to various ligands, and
the fine-tuning and modulation of SH3-ligand interactions
may play important roles in transducing signaling within
cells.
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SUPPORTING INFORMATION AVAILABLE

The 235-nm excited UVRR spectra of the wild type (A-
C), the mutants of Y6F (D-F), Y8F (G-I), and Y59F (J-
L) in the presence (A, D, G, and J) or absence (B, E, H, and
K) of RLP1, and their 7-fold difference spectra (C, F, I, and
L). Experimental conditions were the same with those in
Figure 4. This material is available free of charge via the
Internet at http://pubs.acs.org.
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