
o-Nitrotyrosine and p-iodophenylalanine as spectroscopic
probes for structural characterization of SH3 complexes

VINCENZO DE FILIPPIS,1 ANNAMARIA DRAGHI,1 ROBERTA FRASSON,1

CLAUDIO GRANDI,1 VALERIA MUSI,3 ANGELO FONTANA,1,2
AND ANNALISA PASTORE3

1Department of Pharmaceutical Sciences, University of Padua, I-35131 Padua, Italy
2CRIBI Biotechnology Center, University of Padua, I-35131 Padua, Italy
3National Institute for Medical Research, London NW71AA, United Kingdom

(RECEIVED December 15, 2006; FINAL REVISION March 21, 2007; ACCEPTED March 22, 2007)

Abstract

High-throughput screening of protein–protein and protein–peptide interactions is of high interest both
for biotechnological and pharmacological applications. Here, we propose the use of the noncoded amino
acids o-nitrotyrosine and p-iodophenylalanine as spectroscopic probes in combination with circular
dichroism and fluorescence quenching techniques (i.e., collisional quenching and resonance energy
transfer) as a means to determine the peptide orientation in complexes with SH3 domains. Proline-rich
peptides bind SH3 modules in two alternative orientations, according to their sequence motifs, classified
as class I and class II. The method was tested on an SH3 domain from a yeast myosin that is known to
recognize specifically class I peptides. We exploited the fluorescence quenching effects induced by
o-nitrotyrosine and p-iodophenylalanine on the fluorescence signal of a highly conserved Trp residue,
which is the signature of SH3 domains and sits directly in the binding pocket. In particular, we studied
how the introduction of the two probes at different positions of the peptide sequence (i.e., N-terminally
or C-terminally) influences the spectroscopic properties of the complex. This approach provides clear-
cut evidence of the orientation of the binding peptide in the SH3 pocket. The chemical strategy outlined
here can be easily extended to other protein modules, known to bind linear sequence motifs in a highly
directional manner.
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The central role played by molecular interactions in the
functioning of all biological systems requires a detailed
structural understanding of how recognition takes
place (Jones and Thornton 1996; Pawson and Nash
2003). Complete structural determination of protein
complexes can, however, be time-demanding, since
with the current technical tools it is often necessary to
undertake de novo structure determinations even when
the structures of all the interacting partners are known
individually. It is therefore increasingly important to
develop new high-throughput approaches that may
allow us to grasp quickly at least the basic features of
a complex without its detailed and lengthy structural
description.
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Here, we discuss the use of suitable spectroscopic
probes, such as o-nitrotyrosine (NT) or p-iodophenylala-
nine (IF), to study molecular interactions in a fast and
reliable way. Both IF and NT are expected to decrease
protein fluorescence through two distinct mechanisms. In
particular, iodine-containing molecules are known to act
as collisional quenchers of Trp fluorescence by promoting
nonradiative decay of the excited singlet state through
intersystem crossing to an excited triplet state (Berlman
1973; Lakowicz 1999). The nonfluorescent NT, on the
other hand, which absorbs radiation in a pH-dependent
manner in the wavelength range where Tyr and Trp emit
fluorescence, has proven to be an efficient acceptor in energy
transfer processes, such as those occurring in protein folding
(Rischel and Poulsen 1995; Tcherkasskaya and Ptitsyn 1999)
and molecular recognition (De Filippis et al. 2006).

We demonstrate that a complementary use of the two
probes can be exploited for high-throughput characteri-
zation of complexes of Src homology-3 (SH3) domains
with their binding peptides. SH3 domains are relatively
small protein modules of 50–70 amino acid residues and
one of the widespread motifs mostly observed in eukary-
otic organisms (Kay et al. 2000; Mayer 2001; Tong et al.
2002). Through specific recognition of proline-rich
sequences, they play a crucial role in the formation of
multiprotein complexes and networks responsible for
signal transduction, cytoskeletal organization, and other
cellular processes (Morton and Campbell 1994; Mayer
2001). In humans, mutations in several SH3 domains are
known to cause severe malfunctions leading, among
others, to inflammatory diseases and to cancer (Smithgall
1995; Dalgarno et al. 1997; Vidal et al. 2001).

Despite even large differences in the sequences of both
components, the mode of binding of SH3/peptide com-
plexes is highly reproducible (Larson and Davidson 2000;
Di Nardo et al. 2003; Li 2005). In a minimalist approach,
two parameters seem to be necessary and sufficient to
describe an SH3/peptide complex: the affinity of the inter-
action and the directionality of the peptide in the binding
groove. The target peptides, typically seven to 10 residues
long (Zarrinpar and Lim 2000; Musacchio 2002; Li 2005;
Rath et al. 2005), adopt a left-handed polyproline II helix
conformation (PPII) and sit in a well-defined groove of
the SH3 domain that is formed between the so-called
n-Src- and RT-loops (Musacchio 2002). Because of the
intrinsic symmetry of PPII helices, the peptides can, in
principle, be accommodated into the same SH3 cavity
in the two possible orientations (Fig. 1; Mayer 2001;
Musacchio 2002). Specific consensus motifs, denoted as
class I and class II peptides, seemed at first to determine
the peptide orientation. However, more recently, several
nonstandard sequences that are difficult to be classified as
class I or class II binders have been identified (Cestra
et al. 1999; Mongiovı̀ et al. 1999; Kang et al. 2000; Tong

et al. 2002; Jia et al. 2005), thus suggesting that the
orientation cannot be reliably predicted solely from the
peptide sequence (Cesareni et al. 2002; Li 2005; Musi
et al. 2006). Fast and reliable determination of the affinity
and orientation should therefore be sufficient to provide,
at least, the general features of the interaction without
undergoing complete structure determination of all pos-
sible SH3/peptide complexes.

Both IF and NT derivatives are ideally suited for charac-
terizing the binding mode of target peptides to SH3 domains
which contain as part of their signature motif a highly con-
served Trp (Larson and Davidson 2000; Fernandez-
Ballester et al. 2004). The fluorescence quenching effects
determined by the amino acid derivatives on the fluores-
cence signal of the conserved Trp can therefore be used to
define the peptide orientation. Additionally, the presence of
NT, which has absorption properties totally different from
those of other protein amino acids, is expected to generate a
unique circular dichroism (CD) signal in the near-UV/Vis
spectrum, upon complex formation.

We have chosen here the SH3 domain (Myo3-SH3)
from the type I myosin isoform Myo3 from Saccharomyces
cerevisiae as a model system. Myo3-SH3 is of potential
medical interest, since mutations in the corresponding
human orthologs result in Wiskott-Aldrich syndrome, a
severe immunodeficiency related to alteration of key cellu-
lar processes, such as endocytosis and cytoskeleton assem-
bly (Anderson et al. 1998; Rodal et al. 2003). The solution
structure of Myo3-SH3 and a detailed analysis of its
binding mode have recently been described (Musi et al.
2006). We show that, short of doing a full structural char-
acterization of the complex, the orientation of Myo3-SH3/
peptide complexes can be easily determined by fluores-
cence and CD through incorporation of IF or NT at the
N- or C-terminal ends of the peptide. Our approach can
be used as a valuable and efficient tool for obtaining a low-
resolution but fast and reliable description of peptide/
protein interactions.

Figure 1. Schematic representation of the mode of binding of class I and

class II peptides into the conserved groove of SH3 domains (adapted from

Mayer 2001 and reproduced with permission of the Company of Biologists

�2001). The consensus sequences of the proline-rich peptides are indicated,

using X for any amino acid, whereas P and R indicate semiconserved

prolines and arginines.
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Results and Discussion

Strategy of the work

Structural analysis based on representative SH3/peptide
complexes from the Protein Data Bank (PDB) (see
Materials and Methods) shows that one of the terminal
ends of the bound peptide is much closer to the conserved
Trp than the other: In class I peptides, the N terminus is
within 4.7 6 0.9 Å (Cb–Cb distance) of the conserved Trp,
whereas the C terminus is 18.8 6 1.5 Å away (Fig. 2A).
This pattern is inverted in class II peptides, although with
slightly larger distance variability. For a class I peptide, we
can therefore confidently expect that incorporation of IF
or NT at the N-terminal end of the binding peptide should
bring these probes close enough to the conserved Trp to

specifically quench its fluorescence or, as in the case of
NT, generate a new signal in the near-UV/Vis CD spectrum
of the SH3/peptide complex. Conversely, when NT or IF is
incorporated far from the Trp pocket (i.e., at position 10 or
farther), the direct collisional quenching of IF should be
unable to operate and the efficiency of Trp-to-NT energy
transfer, which is strongly dependent on distance (Wu and
Brand 1994; Dos Remedios and Moens 1995; Selvin 1995;
Eftink 1997), is expected to be reduced, together with the
CD signal of NT. On the other hand, for class II peptides, the
position-dependent spectroscopic effects are reversed.

Hence, we tested our strategy on a known model
system formed by Myo3-SH3 and the P2 peptide. We
have recently reported the solution structure of Myo3-
SH3 and demonstrated that the domain recognizes class I
SH3 peptides (Musi et al. 2006). We therefore selected
one of these peptides, P2, which has high affinity for
Myo3-SH3 and for which we have a reliable model in
complex with Myo3-SH3 (Musi et al. 2006). A distance
(Cb–Cb) of 6 Å from the conserved Trp39 to position 1 of
P2 was estimated, whereas the peptide C terminus is at
;22 Å from Trp39 (Fig. 2B). It is important to note that
Myo-SH3 contains an additional nonconserved Trp, at
position 52. The presence of this extra Trp residue should
not, however, alter our analysis, since it is within the Trp
pocket and spatially close to Trp39 (Trp39–Trp52, Cb–Cb

distance 4.9 Å).
Different P2 analogs were synthesized, incorporating

either NT or IF in different positions along the P2
sequence (Table 1). Unmodified P2, P2NT1, P2NT10,
and P2NT13 were prepared to check the effect of the
introduction of NT at the N or C termini of the peptide.
Likewise, the analogs P2IF1 and P2IF13, containing IF at
positions 1 and 13, were produced to test the effect of IF.
In the case of P2NT13 and P2IF13, the P2 sequence was
extended C-terminally with the highly flexible segment –
G-G-X-G (X ¼ IF or NT) to have the spectroscopic
probes outside the P2/SH3 interface, to exclude possible
interferences with complex formation. Finally, the
unmodified and the NT1 analog of the P4 peptide,
P4NT1, were synthesized as negative controls, since P4
does not bind Myo3-SH3 (Musi et al. 2006).

Incorporation of NT or IF does not alter the binding mode
of P2 to Myo3-SH3

The chemical strategy outlined above requires that incor-
poration of NT or IF does not alter the binding mode of
P2 analogs to Myo3-SH3. To test this assumption, we
measured the affinities of NT and IF analogs of P2 by
exploiting their ability to quench the fluorescence of Myo3-
SH3 (see Figs. 3 and 4). As recently demonstrated for the
binding of the Tyr3 NT analog of hirudin to thrombin
(De Filippis et al. 2006), quenching of Myo3-SH3

Figure 2. Structural analysis of SH3 complexes to illustrate the strategy

proposed. Structures of two representative SH3 domains (ribbon drawing,

gray) bound to (A) class I (1abo) (Musacchio et al. 1994) and (B) class II

(1cka) (Wu et al. 1995) peptides (Ca trace, red). (Blue) The side chain of

the conserved Trp residue in the SH3 domain; (arrows) the distances (Cb–

Cb atoms) between the peptide termini and Trp. The incorporation of a

suitable spectroscopic probe (red sphere), like NT or IF, is expected to

perturb the intrinsic fluorescence of the conserved Trp in the SH3 domain,

in a way that is strongly dependent on the orientation of the binding

peptide on the SH3 surface. For instance, if the probe is incorporated at the

N terminus of the ligand peptide, the fluorescence of SH3 is expected to be

quenched only by a class I peptide, whereas it should be essentially

unaffected if the ligand is a class II peptide. (C) Structure of the P2/Myo3-

SH3 complex (Musi et al. 2006), showing relevant interactions of the

ligand peptide (stick, red) with the SH3 domain (ribbon drawing, gray).

The side chains of key amino acids of Myo3-SH3 are also explicitly shown

(stick, yellow), while the conserved Trp39 is shown in blue.

Structural characterization of SH3 complexes
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fluorescence by NT analogs (Fig. 3A,B) is predominantly
caused by strong resonance energy transfer occurring bet-
ween the Trp residues of the SH3 domain (i.e., the donor)
and NT of P2 peptides (i.e., the acceptor) (Fig. 3C). On the
other hand, IF analogs of P2 remarkably decrease Myo3-
SH3 fluorescence (Fig. 4A,B) by a specific and direct effect
of iodine in the SH3 pocket, by promoting nonradiative
decay of the excited state of Trp residues through a
collisional mechanism (Berlman 1973; Lakowicz 1999).

Analysis of fluorescence binding data is sometimes
complicated by the contribution of the intrinsic emission
of the ligand to the fluorescence of the receptor and by
unspecific effects, including static and dynamic quench-
ing, as well as the inner filter effect (IFE) (Selvin 1995;
Eftink 1997). We carefully analyzed their contribution in
the Supplemental material to make sure that these effects
do not alter our analysis. In the case of NT peptides, the
emission of free NT is negligible at 349 nm (i.e., the
wavelength at which the fluorescence signal was mea-
sured) (Supplemental Fig. S1), and therefore we conclude
that the addition of NT peptides does not interfere with
fluorescence measurements. The data shown in Figure 3
and Supplemental Figure S2 suggest that free NT, taken
as a suitable model compound, only slightly affects
Myo3-SH3 fluorescence by static and dynamic quench-
ing, as expected for nitro-compounds, which, in the absence
of energy transfer, are known to quench the fluorescence of
aromatic hydrocarbons by a mixed static and dynamic
mechanism (Sawicki et al. 1964; Dreeskamp et al. 1975).
In addition, the contribution of IFE to the binding data of
high-affinity NT analogs (i.e., P2NT1 and P2NT13) is
marginal (Supplemental Fig. S2A). In all cases, the fluo-
rescence data were nonetheless corrected for IFE using
Equation 1, and the adequacy of the correction method
was carefully established (Supplemental Fig. S2B). Unspe-
cific effects can be fully excluded for IF analogs, since IF
absorbs weakly in the near-UV region and is essentially
nonfluorescent. As a consequence, free IF only marginally
reduces Myo3-SH3 fluorescence (Fig. 4B).

The fluorescence data, corrected for IFE in the case
of NT analogs, were analyzed assuming a one-site bind-
ing mechanism (see Materials and Methods). The excel-
lent fit of the experimental data to Equation 2 is a
stringent, albeit indirect, proof of a 1:1 binding stoichi-
ometry (Copeland 2000). The affinity data indicate that
incorporation of NT or IF at position 1 or 13 does not
change the affinity of the P2 derivatives for Myo3-SH3
(Table 1). This is in agreement with our structural
analysis, which suggests that, when at position 1, either
NT or IF can be easily accommodated into the Trp pocket
with only minimal adjustments of the highly flexible 35–
37 segment of Myo3-SH3 (Musi et al. 2006). More
generally, our results are consistent with the fact that
the Trp pocket of SH3 is quite ‘‘tolerant’’ in binding the
target peptides outside the polyproline consensus

Figure 3. Binding of NT analogs of P2 to Myo3-SH3 monitored by Trp-

to-NT fluorescence energy transfer. (A) Fluorescence spectra of Myo3-

SH3 (175 nM) in the presence of increasing concentrations of P2NT1

(0–120 mM). (B) Plot of the fluorescence intensity of Myo3-SH3 as a

function of P2NT1 concentration (d). As a control, the data relative to

free NT (s) are also reported. Protein samples were excited at 295 nm,

and fluorescence data was corrected for IFE according to Equation 1

(see Materials and Methods). (C) Superposition of the fluorescence

spectrum of Myo3-SH3 (continuous line), obtained after excitation of

the sample at 295 nm, with the absorption spectrum of P2NT1 at pH 2

(dotted line) and pH 8 (dashed line). (D) Determination of Kd values of

the Myo3-SH3 complexes with NT analogs: P2NT1 (d-d), P2NT10

(m-m), and P2NT13 (s-s). Corrected fluorescence intensities were

expressed as F0� F, where F0 is the intensity of Myo3-SH3 in the

absence of ligand, and the data points fitted by Equation 2 (continuous

lines) to yield Kd and DFmax (see Materials and Methods). All

measurements were carried out at 25° 6 0.2°C by exciting the protein

samples at 295 nm in 5 mM Tris-HCl buffer (pH 8.0) containing 0.1%

(w/v) PEG 8000 and 0.2 M NaCl.

Table 1. Binding data of P2 and P4 analogs to myosin-3
SH3 domain

Peptide name Peptide sequence Kd (mM)a

P2 H-P-P-R-K-P-P-P-P-P 18.8 6 0.9

P2NT1 NT-P-P-R-K-P-P-P-P-P 17.5 6 0.8

P2NT10 H-P-P-R-K-P-P-P-P-NT-G 37.6 6 1.8

P2NT13 H-P-P-R-K-P-P-P-P-P- -G-G-NT-G 19.1 6 0.9

P2IF1 IF-P-P-R-K-P-P-P-P-P 16.5 6 0.4

P2IF13 H-P-P-R-K-P-P-P-P-P- -G-G-IF-G 18.5 6 0.8

P4 H-F-K-H-P-F-P-P-P-P n.d.b

P4NT1 NT-F-K-H-P-F-P-P-P-P n.d.b

a Kd values were obtained by fitting the fluorescence data reported in
Figures 3 and 4 to Equation 2.
b (n.d.) Not determined because the fluorescence changes were negligible.
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sequence, and this is also well documented by the high
structural variability of the amino acid that in the ligand
peptides interacts with the conserved Trp (Musacchio
2002; Li 2005). Likewise, incorporation of NT or IF at
position 13 does not interfere with binding, since the
modifications involve residues outside the P2/Myo3-SH3
interface. Only when Pro10 was replaced with NT was a
twofold decrease of the affinity of P2NT10 observed.
This effect is likely caused by the replacement of a
structurally constrained Pro (MacArthur and Thornton
1991) with the more flexible NT side chain (Searle and
Williams 1992).

Our data concurrently support the assumption that the
mutations introduced in P2 do not alter the binding mode
of the resulting analogs to the SH3 domain and allow us
to interpret confidently the position-dependent effects of
the mutations on the intrinsic spectroscopic properties of
P2 analogs or on the spectral changes evoked in Myo3-
SH3 upon ligand binding.

Probing the binding mode of P2 to Myo3-SH3
by incorporation of NT

Fluorescence resonance energy transfer

The efficiency of energy transfer depends on the donor
quantum yield, on the extent of spectral overlap of the
emission spectrum of the donor with the absorption
spectrum of the acceptor, on the donor–acceptor distance,
and on their relative orientation (Lakowicz 1999). How-
ever, for a given donor–acceptor pair, the distance factor
is predominant (Wu and Brand 1994; Dos Remedios and
Moens 1995), and therefore we have exploited here the
distance dependence of FRET efficiency to probe the
orientation of P2 in complex with Myo3-SH3.

The presence of NT at position 1 of P2 decreases
Myo3-SH3 fluorescence up to 90% (Fig. 3A,B), in
agreement with the extensive overlap of the emission
spectrum of the SH3 domain (i.e., the donor) with the
absorption spectrum of P2NT1 (i.e., the acceptor) (Fig.
3C) and with the short donor–acceptor distance in the
SH3 complex (<6 Å). Concomitantly, the lmax value is
blue-shifted by 7 nm. This latter result parallels those
obtained with the unmodified P2 peptide (data not
shown), where a similar shift of the lmax was observed,
and is consistent with the partial shielding of Trp residues
from water upon ligand binding. An alternative possibil-
ity is that one of the two Trp residues emits at longer
wavelengths and that preferential quenching of the
fluorescence of this Trp would result in the blueshift of
lmax. However, this possibility is unlikely because the
two Trp residues in Myo3-SH3 are exposed to the solvent
to a similar extent (Musi et al. 2006), and therefore they
are expected to display identical emission properties. In
addition, some other SH3 domains, like the N-terminal
SH3 of Grb-2 (Vidal et al. 1999), contain only the
conserved Trp and still have lmax values very similar to
that of Myo3-SH3. Despite the similar affinities of the
two complexes, quenching of Myo3-SH3 fluorescence at
saturating concentrations of ligand is lower for P2NT13
(Fig. 3D), where NT is far from the Trp pocket (>22 Å).
The reduced extent of quenching is a consequence of the
weaker efficiency of FRET at longer Trp-to-NT distances
and is even more significant if one considers that the
unmodified P2 peptide is also able to quench SH3
fluorescence (Fig. 4D). In the P2NT13/Myo3-SH3 com-
plex, the efficiency of energy transfer is reduced, but not
abolished, because the Trp-to-NT distances are still
within the Förster’s distance of the donor–acceptor pair
(26 Å) (Steiner et al. 1991).

Taken together, these results are fully consistent with
a class I orientation of P2 in binding Myo3-SH3.

Circular dichroism

Further evidence strongly supporting a class I orientation
of P2 was obtained by comparison of the near-UV/Vis CD

Figure 4. Binding of IF analogs of P2 to Myo3-SH3 monitored by

collisional quenching of Myo3-SH3 fluorescence. (A) Fluorescence spectra

of Myo3-SH3 (175 nM) in the presence of increasing concentrations of

P2IF1 (0–120 mM). (B) Change in the fluorescence intensity of Myo3-SH3

as a function of P2IF1 concentration (d). As a control, the effect of free IF is

also reported (s). (C) Plot of the fluorescence intensity of Myo3-SH3 as a

function of P2IF13 concentration (m). (Inset) Fluorescence spectra of

Myo3-SH3 (175 nM) in the presence of increasing concentrations of

P2IF13. (D) Determination of Kd values of SH3 complexes with IF analogs:

P2IF1 (d-d) and P2IF13 (m-m). For comparison, the binding data of the

unmodified P2 peptide to Myo3-SH3 are also included (n-n). All spectra

were recorded at 25° 6 0.2°C by exciting the protein samples at 295 nm

in 5 mM Tris-HCl buffer (pH 8.0) containing 0.1% (w/v) PEG 8000 and

0.2 M NaCl. Continuous lines represent the best fit of the data points to

Equation 2.

Structural characterization of SH3 complexes
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spectra of free and SH3-bound NT-peptides (Fig. 5). The CD
spectrum of free SH3 displays an intense positive band
centered at 268 nm and a pronounced fine structure in the
285–300-nm range, characteristic of Trp absorption (Strick-
land 1974). As expected, beyond 305 nm, the signal
approaches zero. The spectrum of free P2NT1 presents a
marginally weak negative signal in the 300–390-nm range
and a low-intensity positive band at 280 nm, assigned to the
1A1g ! 1B1u transition of NT (Meloun et al. 1968; De
Filippis et al. 2006), which acquires some rotational strength
because of the presence of several rigid prolines that
stabilize the PPII conformation.

When SH3 and P2NT1 are mixed to form the non-
covalent complex, a new band appears at ;350 nm.
Considering that natural amino acids do not absorb
beyond 305–310 nm, this band can solely originate from
the 1A1g ! 1B2u transition of NT that becomes optically
active by induction of chirality of NT upon binding in the
Trp pocket of the SH3 domain. Furthermore, the lmax

value of the newly generated band suggests that NT binds
in the Trp pocket of Myo3-SH3 in its neutral –OH form,
which maximally absorbs at 350 nm (Fig. 3C; Meloun
et al. 1968). Similar results have been recently reported
for the binding of NT analogs of hirudin to thrombin (De
Filippis et al. 2006). Strikingly, when NT is incorporated

at position 13, in the highly flexible segment –G-G-NT-G
and outside the binding interface of P2 with Myo3-SH3,
this band is absent (Fig. 5, inset).

These findings therefore provide conclusive support to
the class I orientation of P2 to Myo3-SH3 (Musi et al.
2006) and suggest that the combined use of FRET and CD
techniques can be successfully exploited for characteriz-
ing peptide/protein interactions.

Probing the binding mode of P2 to Myo3-SH3
by incorporation of IF

Although the work carried out with the NT analogs
indicates that it is possible to use FRET to determine
the orientation of an SH3-binding peptide, some limita-
tions might be envisaged when it is not easy to make
reliable assumptions on the relative distance of the N and
C termini from the conserved Trp. To overcome these
problems, we exploited the effect of IF on the fluores-
cence signal of Myo3-SH3, since the radius of action of
this derivative is much more limited (3–6 Å) than that
observed by FRET (Berlman 1973; Selvin 1995).

The incorporation of IF at position 1 of P2 decreases
the fluorescence intensity of Myo3-SH3 by ;50%, with a
concomitant blueshift in the lmax value of 6–7 nm (Fig.
4A,B). As for P2NT1 binding, the blueshift in the
emission of Myo3-SH3 reflects the less polar environ-
ment of Trp39 and Trp52 upon ligand binding, while the
strong quenching of fluorescence is caused by the specific
and direct contact of the iodine atom of IF in the Trp
pocket. Conversely, when IF is incorporated in the fraying
C terminus of P2IF13, the quenching effect is remarkably
lower and identical to that of the unmodified P2 (Fig. 4C,D).

These results highlight the strong position-dependent
effect of IF on the SH3 fluorescence. When located
outside the ligand–SH3 interaction surface, IF is too far
from the Trp pocket to quench the intrinsic fluorescence
of Myo3-SH3, thus providing key information on the
orientation of the ligand peptide in the SH3 complex.

Conclusions

The development of new spectroscopic tools for studying
protein–protein interactions finds applications that span
from structural biology to drug discovery (Hovius et al.
2000). For this purpose, several nonnatural amino acids
with physico-chemical properties (e.g., size, polarity, and
hydrogen-bonding properties) similar to those of the
corresponding natural amino acids, but with distinct
spectral features have been used to monitor protein
folding and binding processes (Cornish et al. 1994; Twine
and Szabo 2003; De Filippis et al. 2004, 2006).

In this study, we have shown that incorporation of NT
or IF can be effectively used to obtain fast and reliable

Figure 5. Binding of NT analogs of P2 to Myo3-SH3 monitored by

circular dichroism. CD spectra of free Myo3-SH3 (65 mM, - - -) and P2NT1

(168 mM, —) were recorded in 5 mM Tris-HCl buffer (pH 8.0) containing

0.1% (w/v) PEG 8000, 0.2 M NaCl. Myo3-SH3 and P2NT1 were

alternatively mixed in the same molar ratio (65 mM:168 mM) to yield

;85% of bound SH3 (Mix_P2NT1, —). (Inset) Difference spectra

(Diff_P2NT1 and Diff_P2NT13) obtained by subtracting the theoretical

sum spectra of free SH3 and NT peptides from the corresponding spectra

of the experimental complexes (Mix_P2NT1 and Mix_P2NT13). Measure-

ments were carried out at 25° 6 0.2°C in a 0.5-cm quartz cuvette and

subtracted for the corresponding baseline. Ellipticity data, u, were

expressed in millidegrees (mdeg), without further normalization.
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information on the affinity and the orientation of SH3-
binding peptides, which are the parameters necessary and
sufficient to describe, albeit at low resolution, the struc-
tural features of peptide/SH3 complexes. While easily
introduced in peptides by standard solid-phase synthetic
methods, these spectroscopic probes exploit different
physical processes (e.g., FRET, chiroptical properties,
and direct fluorescence quenching) that can be used in a
complementary fashion, as also integrated by compara-
tive modeling. The different spectroscopic effects elicited
by NT or IF at different positions along the ligand peptide
sequence can be confidently exploited to generate low-
resolution models on a large scale with no need of solving
the detailed atomic structure of each complex.

Here, we have reported the successful application of
our chemical strategy to an SH3/peptide complex, but the
same approach may also have vast applications in screen-
ing studies of other interacting domains of potential
pharmacological interest, in which knowledge of the
binding directionality is important (see Li 2005 and
citations therein). Finally, we believe that the possibility
of approaching the study of complex networks of inter-
actions in a high-throughput fashion will open new
avenues to the development of new drugs.

Materials and Methods

Production of Myo3-SH3 and the synthetic analogs
of P2 and P4 peptides

Na-Fmoc derivatives of NT, IF, and other protected amino acids,
solvents, and reagents for peptide synthesis were purchased
from Bachem AG or Applied Biosystems. Buffers and organic
solvents were of analytical grade and purchased from Fluka.

P2 and P4 peptides and their analogs containing NT or IF
were manually synthesized by the solid-phase Fmoc method on
a chlorotrityl resin (36 mg) (Barlos et al. 1991) derivatized
(0.69 mmol/mg) with the C-terminal amino acid (i.e., Pro). The
chlorotrityl resin was used to minimize the release of the
C-terminal dipeptide occurring through di-ketopiperazine for-
mation (Rothe and Mazànek 1972). For those analogs having
a non-Pro residue at the C terminus, a Wang resin (46 mg)
derivatized (0.65 mmol/mg) with the Fmoc-amino acid was
used. Elongation of the peptide chain was accomplished by a
double-coupling cycle at all steps, using HATU as an activator
(Carpino 1993) and a fivefold molar excess of protected amino
acids. Removal of the Fmoc group was carried out by a 15-min
treatment with 20% pyperidine in NMP. Peptide cleavage from
the resin and removal of side-chain protecting groups was
carried out by treating the peptidyl resin with a mixture of
TFA/EDT/H2O (95:2.5:2.5 [v/v]) for 90 min at 0°C. After
precipitation with ice-cold diethylether, the crude peptides were
purified to homogeneity (>98%) by RP-HPLC on a semiprepar-
ative Vydac C18 column (1 3 25 cm, 5 mm particle size),
equilibrated in aqueous TFA (0.1%), and eluted with an
acetonitrile-TFA (0.1%) gradient from 2% to 35%, at a flow
rate of 1.5 mL/min. The absorbance of the effluent was recorded
at 226 nm. The chemical identity of the purified peptides was

established by high-resolution mass spectrometry on a Mariner
ESI-TOF instrument from Perseptive Biosystems. Analyses
were conducted according to standard manufacturers’ proce-
dures and gave mass values in agreement with amino acid
composition within 50 ppm accuracy.

Myo3-SH3, spanning residues 1122–1190 of S. cerevisiae
Myo3, was expressed and purified as previously detailed (Musi
et al. 2006).

Determination of peptide/protein concentration

Protein/peptide concentrations were determined by UV absorp-
tion (Gill and von Hippel 1989) on a Lambda-2 spectropho-
tometer from Perkin-Elmer. The molar absorptivity value of
Myo3-SH3 was taken as 15,220 M�1 � cm�1 at 280 nm. The
concentrations of the synthetic peptides containing NT (P2NT1,
P2NT10, P2NT13, P4NT1) or IF (P2IF1, P2IF13) were calcu-
lated from the molar absorbance value of NT, 2200 M�1 � cm�1

at 381 nm (Tcherkasskaya and Ptitsyn 1999), and IF,
260 M�1 � cm�1 at 280 nm (De Filippis et al. 2002). The concen-
trations of the unmodified P2 and P4 peptides were estimated
by quantitative analysis of amino acid composition, carried out
on the corresponding peptide solutions (;2.5 mg/mL), and pre-
pared by weighting the lyophilized peptides.

Fluorescence measurements

Fluorescence spectra were recorded on a Perkin-Elmer spectro-
fluorimeter model LS-50B, equipped with a thermostated cell
holder. The interaction of P2 and P4 peptides and their analogs
(0–120 mM) with Myo3-SH3 (175 nM) was monitored by
adding, under gentle magnetic stirring in a 1-cm pathlength
cuvette (2 mL), aliquots (2–10 mL) of NT and IF peptide stock
solutions (2.5–5 mM) to a solution of Myo3-SH3 (2 mL). At
each peptide concentration, Myo3-SH3 samples were equili-
brated for 5 min at 25° 6 0.2°C and excited at 295 nm, using an
excitation/emission slit of 5 and 10 nm, respectively, and a scan
speed of 240 nm/min. The decrease in fluorescence intensity of
Myo3-SH3 at the wavelength, where the maximum fluorescence
change was observed (i.e., 349 nm for NT peptides and 360 nm
for the unmodified P2 and P4 peptides and IF derivatives), was
recorded as a function of ligand concentration, [L]. Fluores-
cence data were corrected for sample dilution (<5% of the
final volume) and expressed as DF ¼ F 0 � F, where F 0 and
F are the fluorescence of Myo3-SH3 in the absence and pres-
ence of the ligand, respectively.

For NT peptides, fluorescence data were also corrected for
IFE (see below and Supplemental material), since fluorescence
intensity is only proportional to the absorbance of the sample up
to an optical density of 0.05 units, both at lex and lem (Puchalski
et al. 1991; Lakowicz 1999). In our case, IFE becomes
significant for ligand concentrations higher than 20 mM.
Fluorescence data were corrected using the equation:

Fcorr ¼ Fobs � 10 DAexþDAemð Þ=2½ �; (1)

where DAex and DAem are the observed additional absorbances
at the excitation (lex ¼ 295 nm) and emission (lem ¼ 349 nm)
wavelengths.

For a simple one-site binding mechanism R + L 5 RL,
the fluorescence intensity, F, of the receptor, R, at a given con-
centration of ligand, L, is linearly related to the concentration of
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the complex [RL], according to the equation F ¼ [RL]Fbound +
[R]freeFfree. Since [R]free ¼ [R] � [RL], then DF ¼ ([RL]/
[R])DFmax (Eftink 1997). The data were interpolated with
Equation 2, using the program Origin 6.0 (MicroCal Inc.) to
obtain the fitting parameters DFmax and Kd:

DF ¼ Fo � F ¼ DFmax � L½ �ð Þ= Kd þ L½ �ð Þ; (2)

where Kd is the dissociation constant of the complex, RL, and
DFmax is the maximum fluorescence change at infinite concen-
tration of the ligand, [L]N. Equation 2 assumes that at equilibrium
[L]free ffi [L]tot, and thus it is valid only when Kd� [R], as usually
observed for SH3 complexes (Kay et al. 2000).

CD measurements

CD spectra were recorded on a Jasco model J-810 spectropo-
larimeter. Near-UV/Vis spectra were recorded in a 0.5-cm cell,
at a scan speed of 50 nm/min, with a response time of 2 sec, and
resulted from the average of six accumulations. After baseline
subtraction, ellipticity values, u, were expressed in millidegrees
(mdeg), without further data elaboration.

Computational analysis

Structural analysis of SH3/peptide complexes was performed on
14 PDB entries (1abo, 1a0n, 1azg, 1bbz, 1fyn, 1io6, and 1rlq as
examples of class I peptides; 1aze, 1cka, 1ckb, 1efn, 1n5z, 1prm,
and 1qwe as examples of class II peptides). For NMR structures, the
best-representative model in the NMR ensemble was selected using
the program OLDERADO available online at the Web site http://
pqs.ebi.ac.uk/pqs-nmr.html. In most cases, the Cb–Cb distances
were measured from the conserved Trp of the SH3 domain to the
N- or C-terminal amino acid of the ligand. In a few SH3 complexes,
where the coordinates of the ligand peptides extend far beyond the
segment that actually contacts the SH3 surface, the Cb–Cb distances
were measured from the conserved Trp to the first residue (from the
N terminus or from the C terminus, respectively) that is at a distance
<6 Å from any atom of the SH3 structure. The structures of P2
analogs in the SH3-bound state were modeled on the 2btt structure
(Musi et al. 2006) by keeping unchanged the positions of all atoms
in the lowest-energy HADDOCK (Dominguez et al. 2003) structure
and substituting His19 or Pro109 with the NT and IF side chains.

Electronic supplemental material

The Supplemental material includes Supplemental Figure S1,
the effect of NT concentration on the fluorescence intensity of
the free amino acid; and Supplemental Figure S2, the correction
of Myo3-SH3 fluorescence for the inner filter effect, as a
function of P2NT1 and free NT concentration.
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