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Abstract

The N-terminal SH2 domain from the p85� subunit of phosphatidylinositol 3� kinase is cleaved specifically
into 9- and 5-kD fragments by limited proteolytic digestion with trypsin. The noncovalent SH2 domain
complex and its constituent tryptic peptides have been investigated using high-resolution heteronuclear
magnetic resonance (NMR). These studies have established the viability of the SH2 domain as a fragment
complementation system. The individual peptide fragments are predominantly unstructured in solution. In
contrast, the noncovalent 9-kD + 5-kD complex shows a native-like1H-15N HSQC spectrum, demonstrating
that the two fragments fold into a native-like structure on binding. Chemical shift analysis of the noncovalent
complex compared to the native SH2 domain reveals that the highest degree of perturbation in the structure
occurs at the cleavage site within a flexible loop and along the hydrophobic interface between the two
peptide fragments. Mapping of these chemical shift changes on the structure of the domain reveals changes
consistent with the reduction in affinity for the target peptide ligand observed in the noncovalent complex
relative to the intact protein. The 5-kD fragment of the homologous Src protein is incapable of structurally
complementing the p85 9-kD fragment, either in complex formation or in the context of the full-length
protein. These high-resolution structural studies of the SH2 domain fragment complementation features
establish the suitability of the system for further protein-folding and design studies.
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Certain single-domain proteins show native-like structure
and function as noncovalent complexes of their constituent
peptide fragments. This complementation of domain frag-
ments has been used to study protein–protein interactions in
folding/binding events (Eustance and Schleif 1996; Neira et
al. 1996; Pecorari et al. 1996; Vainshtein et al. 1996; Chaf-
fotte et al. 1997; Gegg et al. 1997; Rietveld and Ferreira
1998; Chakshusmathi et al. 1999; Georgescu et al. 1999;
Goldberg and Baldwin 1999; Honda et al. 1999; Kobayashi
et al. 1999; Tsuji et al. 1999; Jourdan and Searle 2000; Yu
et al. 2000; for review, see de Prat-Gay 1996) as a method
to screen for protein interactions in vivo (Johnsson and Var-
shavsky 1994; Rossi et al. 1997; Pelletier et al. 1998; Remy
and Michnick 1999) and for developing semisynthetic tech-
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niques by religation of the fragments (Homandberg and
Laskowski 1979; Vogel and Chmielewski 1994; Vogel et al.
1996; for review, see Wallace 1995). Residual structure
within the individual peptides of these noncovalent com-
plexes has been investigated as a model for initiation sites
of protein folding (Oas and Kim 1988; Wright et al. 1988;
Dyson et al. 1992a, 1992b; for review, see de Prat-Gay
1996). Fragment complementation systems offer an op-
portunity to scrutinize the recognition elements necessary
for peptides to associate and fold into a stable native-like
protein domain complex. Whereas several peptide com-
plexes have been investigated using structural and bio-
physical techniques, detailed high-resolution structural in-
formation is still limited (Kim et al. 1992; de Prat-Gay et al.
1994; Neira et al. 1996; Ladurner et al. 1997; Tasayco et al.
2000; Yu et al. 2000). High-resolution structural data on
these complementation systems are needed to provide suf-
ficiently detailed characterization of the molecular inter-
actions necessary to understand the recognition processes
that facilitate folding. Here, we present high-resolution
NMR studies of the SH2 domain establishing this motif as
a suitable fragment complementation system for structural
studies.
SH2 domains display many critical features that make

them good candidates for complementation studies. SH2
domains are small and monomeric, contain no disulfide
bonds, and do not require a ligand to stabilize the overall
native�/� fold. SH2 domains are also highly conserved as
a family in sequence, structure, and function. The domains
are mediators of cellular-signaling pathways and bind pep-
tides containing phosphorylated tyrosines in a sequence-
dependent context. The human Src SH2 domain and the
human N-terminal SH2 domain from the p85� subunit of
phosphatidylinositol 3� kinase form 5- and 9-kD peptide
fragments on trypsin cleavage at an exposed lysine in the
flexible BC loop (Fig. 1). These two peptides have been
shown to be capable of fragment complementation (Wil-
liams and Shoelson 1993). CD spectropolarimetry showed
that the noncovalent SH2 domain complex displayed sec-
ondary structure similar to the native domain but was less
stable to temperature denaturation. The noncovalent com-
plexes retain limited biological activity and can bind their
target peptide, albeit with an order of magnitude reduced
affinity when compared to the native protein. It was pro-
posed by Williams and Shoelson (1993) that the reduced
binding affinity of the SH2 domain for its specific phos-
phopeptide was because of ineffective recognition of the
phosphate by the cleaved BC-binding loop rather than to
inefficient complex formation.
The 5- and 9-kD SH2 domain fragments divide the native

domain structure along a large�-sheet structure within the
interior of the protein. Thus, the two fragments associate
along a large hydrophobic surface area that traverses the
core of the domain. This presents an intriguing protein–

protein recognition problem in which the recognition ele-
ments necessary for the two fragments to come together in
solution also stabilize the hydrophobic core of the protein. A
detailed understanding of these interactions will provide in-
sight into the role of hydrophobic cores in stabilizing pro-
tein structure. In addition to these favorable physical char-
acteristics, a wealth of sequence information is available for
the domain family as well as structural information that
could facilitate analysis of the sequence dependence of
complex formation. Therefore, fragment reconstitution of
SH2 domains is a promising model system for probing the
molecular interactions governing folding interactions and
protein stability. However, high-resolution structural data
on the noncovalent complex of an SH2 domain are needed
before a detailed understanding of the complementation
process can be obtained.
In this study, heteronuclear NMR spectroscopy is used to

characterize the intact protein, peptide fragments, and non-
covalent complex of the p85 SH2 domain. Although the
fragments are found to be highly disordered in solution, the
noncovalent complex of these peptides shows a native-like
structure. This is unusual, as it is more commonly found that
residual structure exists in one of the complementation com-
petent fragments, and few well-characterized systems have
shown fragment complementation from completely disor-
dered states (Neira et al. 1996; Chaffotte et al. 1997; Ta-
sayco et al. 2000). Evaluation of the1H-15N HSQC spectra
of fragment complexes is a valuable analysis tool for deter-
mining which specific interactions between these fragments

Fig. 1. Backbone ribbon structure of the bovine p85� N-terminal SH2
domain (PDB 2PNB). Limited tryptic digestion cleaves the domain at an
exposed lysine (K52) within the flexible BC loop between the�B and�C
strands of the domain. The resulting 5- and 9-kD fragments are colored
purple and red, respectively.
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are perturbed in the noncovalent complex. Analysis of
chemical shift changes between the native protein and non-
covalent complex reveals only small differences, indicating
that the two have similar three-dimensional structures. The
differences rationalize the reduced phosphopeptide binding
affinity observed in the complex. To evaluate the sequence
specificity of complex formation, the 5-kD fragment of p85
was replaced by the homologous Src protein 5-kD fragment.
It was found that this related sequence is incapable of struc-
turally complementing the p85 9-kD fragment, either in
bimolecular complex formation or in the context of a full-
length chimeric protein.

Results

Characterization of the native p85 SH2 domain

Structural features of the native p85 SH2 domain were stud-
ied using NMR spectroscopy. The1H-15N HSQC spectrum
of the native p85 SH2 domain, seen in Figure 2A, shows the
peak dispersion and linewidths indicative of a stably folded
protein. The structure of a slightly different construct of the
p85 bovine SH2 domain has been solved previously using
NMR (Booker et al. 1992). The bovine SH2 domain differs
from the human p85� N-terminal SH2 domain at only three
residues: D19N, N88S, and L119K. The backbone reso-
nance assignments were obtained independently at our ex-
perimental conditions using standard heteronuclear NMR
experiments on13C, 15N uniformly labeled protein. Assign-
ments are available as supplementary material and residues
are numbered according to the bovine construct as given by
Hensmann et al. (1994a). Positive1H-15N heteronuclear
NOEs were measured for all amide crosspeaks (residues
S16–D123) except those assigned to the N and C termini
and sidechains (Fig. 4A) (Farrow et al. 1994). The positive
NOEs are indicative of a stably folded macromolecule tum-
bling with an overall correlation time (�c) in the nanosecond
time regime.

Characterization of the 5-kD p85 SH2
domain fragment

The identification of residual structures in individual pep-
tide fragments could provide insight to the folding and
complementation pathway of the domain. To determine if
residual structure is present, each isotopically labeled frag-
ment was studied individually. The1H-15N HSQC spectrum
of 15N-labeled 5-kD fragment of p85, shown in Figure 2B,
differs dramatically from that of the native protein and
strongly suggests that the peptide is unfolded in solution.
The amide proton resonances show little chemical shift dis-
persion and fall between 7.5 and 8.5 ppm, consistent with
random coil assignments for the 20 amino acids (Bundi and
Wüthrich 1979; Braun et al. 1994; Wishart et al. 1995). The
majority of the proton amide resonances expected for the

5-kD fragment are observed (40 out of 43), indicating that
there are not multiple conformations exchanging slowly on
the NMR timescale. The1H-15N heteronuclear NOEs are
uniformly negative throughout the sequence, which differs
from what is observed in the intact p85 SH2 domain, indi-
cating global motions on a subnanosecond time scale con-
sistent with an unfolded peptide. No evidence for the pres-
ence of residual structure could be detected from a tempera-
ture denaturation study; no significant changes in the1H-
15N HSQC spectrum of the 5-kD fragment were observed
over a temperature range of 25° to 50°C. Samples prepared
in 5 M GndHCl also did not show any significant changes
in the 1H-15N HSQC spectrum. These data are consistent
with an unstructured peptide that is rapidly sampling many
conformational states on the NMR timescale.

Characterization of the 9-kD p85 SH2
domain fragment

The1H-15N HSQC spectrum of the 9-kD fragment shown in
Figure 2C, like the 5-kD fragment, shows little peak dis-
persion, suggesting that this fragment is also unstructured.
However, unlike the 5-kD spectrum, there are variations in
peak intensities and larger linewidths in the1H-15N HSQC
spectrum leading to a great degree of peak overlap, thus
preventing accurate quantitation of the number of reso-
nances observed. Although difficult to quantitate, the num-
ber of crosspeaks observed clearly exceeds the predicted
number for the 9-kD fragment. The variation in linewidth
and number of crosspeaks may be because of the presence
of several conformers interconverting slowly on the NMR
chemical shift time scale, which would be consistent with
the presence of residual structure, or may be due to the
presence of oligomers. The1H-15N heteronuclear NOEs are
negative for all of the amides in the 9-kD fragment, con-
sistent with the majority of the fragment population being
not highly structured in solution.
To explore the possibility of two populations in interme-

diate-to-slow exchange between a partially folded and un-
folded state, denaturation studies of the 9-kD fragment with
temperature and chaotropic agent were performed. 1-D and
2-D spectra were collected at 5°, 25°, and 45°C and exam-
ined for changes in chemical shifts and linewidths of the
resonances. No significant changes were observed as a func-
tion of temperature. In addition, no significant changes in
the spectrum were observed in either chemical shift or line-
width in the1H-15N HSQC spectrum in the presence of 5 M
GndHCl. Denaturations monitored by CD spectropolarim-
etry also indicated that no cooperatively formed residual
structure was present. From these data it seems unlikely that
there is any cooperatively formed residual structure present
within the 9-kD p85 fragment. Instead, these data suggest
that the 9-kD fragment is nonspecifically self-associating
into higher order structures.

Ojennus et al.
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Fig. 2. 1H-15N HSQC spectra collected at 500 MHz of (A) 730�M native p85, (B) 220�M 5-kD peptide, and (C) 220�M 9-kD
peptide. All NMR samples were prepared in 50 mM potassium phosphate at pH 5.8, 50 mM NaCl, 0.02% NaN3, and 10% D2O.
Crosspeaks were assigned in the native spectrum. The boxed region (A) has been enlarged and shown as an inset in the lower right-hand
corner. Resonances arising from residues D83 and Q124 and residues D38 and I94 overlap.
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Fig. 3. (A) Superposition of the1H-15N HSQC spectra for the noncovalent complex of His-tagged p85, titrated to a 1:1 complex at
100�M (red), and native His-tagged p85 at 240�� (black). Most of the native crosspeaks are completely recovered in the complex
spectrum; however, some small chemical shift differences are readily apparent. The His-tagged 9-kD fragment allowed for a better 1:1
titration of peptide fragments as it was slightly less susceptible to aggregation. Titrations using 9-kD fragments without the His-tag also
produced native-like spectra and these were used for further chemical shift analysis. (B) Temperature denaturation of the p85
His-tagged noncovalent complex. One-dimensional proton spectra at 25°, 30°, 35°, 40°, 45°, and 50°C are shown for a noncovalent
complex of p85 at 100�M peptide fragments. Native peaks disappear and denatured peptide peaks arise as the temperature is raised.
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DLS measurements were performed on the 9-kD frag-
ment and compared to the native p85 SH2 domain to de-
termine its aggregation state in solution. Cumulants analysis
(Koppel 1972) of the native p85 domain gave an effective
diameter of 4.73 ± 0.06 nm and a polydispersity of 0.06 ±
0.03. The expected diameter, as calculated from the solution
structure (Booker et al. 1992), is 3–4 nm, which is in good
agreement with the DLS results. In contrast, the effective
diameter of the 9-kD fragment is 73 ± 4 nm, with a poly-
dispersity of 0.21 ± 0.02. This is indicative of a solution
containing multiple populations of higher order species in
which the average oligomeric state consists of several 9-kD
peptide molecules. The presence of aggregated states, how-
ever, is not surprising given the hydrophobic stretches
within the 9-kD fragment, and that self association of pep-
tide fragments have been observed in other complementa-
tion systems (Tasayco and Carey 1992; Kanaya and Kanaya
1995; Ladurner et al. 1997; Georgescu et al. 1999; Neira
and Fersht 1999a). Addition of 5 M GndHCl to the 9-kD
DLS sample resulted in a decreased effective diameter of 47
± 2 nm and an increased polydispersity of 0.33 ± 0.02.
Although the denaturant succeeded in lowering the average
effective diameter by breaking up some aggregates, the
number of populated aggregated states actually increased.
This may explain the lack of significant changes in the
1H-15N HSQC spectrum of the 9-kD fragment that were
observed with addition of denaturant.
The degree of self association may be exacerbated by the

high concentrations (> 1 mM) necessary to do DLS analy-
sis, but even at the lower concentrations used for NMR (100
�M), aggregation is likely to be an important contribution to
the variation in NMR linewidths. However, the monomeric
state must still be present in the population, because the
9-kD peptide resonances are readily observable by NMR.
The presence of multiple states within the 9-kD sample,
because of higher order oligomers, should not preclude
high-resolution studies of the noncovalent peptide com-
plexes, because the aggregated state(s) are apparently in
equilibrium with the monomeric form. As shown below,
formation of a specific structured complex between the 9-
and 5-kD fragments is thermodynamically more stable than
the 9-kD conformational ensemble.

Characterization of the noncovalent p85 SH2
domain complex

A dramatic change in the NMR spectrum is observed when
the individual 5- and 9-kD fragments are combined. The
15N-labeled complex of the p85 SH2 domain 5-kD fragment
with the 9-kD fragment shows an1H-15N HSQC spectrum
that is remarkably similar to the spectrum of the intact pro-
tein. The superposition of these two spectra is shown in
Figure 3A. The close overall match of the chemical shifts of
the noncovalent complex with the intact protein indicates

that their structures are very similar. In addition, the1H-15N
heteronuclear NOEs are positive for the same crosspeaks as
in the native domain, indicating the presence of a stably
folded protein complex (Fig. 4). These observations show
that native-like structure is essentially completely recovered
on complementation, because the1H-15N HSQC spectrum
is exquisitely sensitive to the precise details of the molecu-
lar environment of each amide proton and nitrogen.
The titration of 5-kD peptide with 9-kD peptide showed

the complex to be in slow exchange with the fragments on
the NMR chemical shift timescale. NMR spectra obtained
on serial dilutions of the complex down to a 5�M sample
still displayed peaks consistent with a native-like HSQC
spectrum, indicating that the upper limit for the Kd of the
complex is in the low to sub�M range, consistent with
values obtained on other fragment complementation sys-
tems (Sancho and Fersht 1992; Wu et al. 1993; de Prat-Gay
and Fersht 1994; Kobayashi et al. 1995, 1999; Georgescu et
al. 1999). To test the thermal stability of the complex, one-
dimensional1H spectra were collected at temperatures of
25°, 30°, 35°, 40°, 45°, and 50°C. These data, shown in
Figure 3B, indicate a reduction in thermal stability relative
to the intact protein. Signals from the folded state melted out
between 40° and 45°C, whereas the intact protein was stable
to 65°C, consistent with reported thermal denaturations
monitored by CD spectropolarimetry (Williams and
Shoelson 1993).
Strikingly, nearly all of the native1H-15N crosspeaks ob-

served in the native p85 SH2 domain (Fig. 3A) are recov-
ered in the p85 complex with only some slight chemical
shift changes. Native structure is clearly recovered on frag-
ment complementation. Therefore, the reduction in stability
of the complex is not because of any significant change in
structure compared to the native domain. The15N chemical
shift changes (Fig. 5A) were mapped onto the structure of
the p85 SH2 domain to localize the regions of structural
difference between the intact and complexed protein (Fig.
5B). The most dramatic differences occur in the loop resi-
dues containing the trypsin cleavage site (K52) that sepa-
rates the 5- and 9-kD fragments. Smaller chemical shift
changes were observed at the interface between fragments
near the cleavage site, and some additional changes were
observed for the N terminus of the�-helix in the 5-kD
peptide, which were likely because of fraying of the helix at
that terminus. Thus, when the two unfolded peptide frag-
ments of p85 are added back to each other they are able to
fold spontaneously into a stable structure. This folded struc-
ture is essentially structurally identical to the native domain
and shows only a moderate change in melting temperature.

Investigation of the sequence specificity
of complex formation

The specificity of this interaction between SH2 domain
fragments was examined by testing the folding capability of

Fragment reconstitution of an SH2 domain
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Fig. 4. Heteronuclear NOE experiments for the native His-tagged p85 domain and complex. Positive peaks are shown in black and
negative peaks in red for (A) a 240�M sample of15N-labeled native p85 SH2 domain and (B) a 100�M noncovalent complex.
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Fig. 5. Chemical shift changes observed in1H-15N HSQC spectra between the noncovalent complex of p85 and a native p85 sample.
(A) Relative1H (gray) and15N (black) chemical shift changes that occur at each residue in the sequence. Residues 84, 107, and 116
are prolines. Residue 50S was not assigned. Additional residues are not included because of uncertainties in assignment resulting from
spectral overlap (75R, 102L, 121Q, and 126V). For residues 51 through 56, no readily identifiable complex peaks are observed,
indicating a large change in their immediate chemical environments. These residues were assigned a lower limit of15N chemical shift
of 1.0 ppm and1H chemical shift of 0.1 ppm for the purpose of displaying them on the graph. (B) 15N chemical shift changes mapped
on the p85 backbone structure. Residues for which there are no data are depicted in white. Residues that experience no appreciable
chemical shift changes are colored gray. Small changes between 0.1 and 0.3 ppm are colored yellow, medium changes with chemical
shift changes > 0.3 ppm are colored orange, and residues with changes in crosspeaks that are > the lower limit of 1.0 ppm in15N and
0.1 ppm in1H are colored red. Overall, the most significant changes occur at the site of trypsin cleavage (K52) in the BC loop along
the interface between the fragments, especially at the ends of strands near the BC loop, and at the N terminus of helix A in the 5-kD
fragment. Specific residues of interest at the interface and in phosphopeptide binding are labeled.
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the corresponding N-terminal 5-kD fragment of the human
Src SH2 domain with the 9-kD p85 SH2 domain fragment.
The Src SH2 domain has high sequence and structure ho-
mology (superposition of 5-kD region with 1.5 Å RMSD) to
the p85 SH2 domain (Fig. 6A), and the corresponding Src 5-
and 9-kD fragments can form a partially active complex
(Williams and Shoelson 1993). The sequence identity of
the complementary Src 5-kD peptide to the p85 5-kD pep-
tide is 42%, and most of the hydrophobic core residues are
conserved in this fragment between the two domains. How-
ever, despite the high structure and sequence homology be-
tween the two SH2 domains, no complex formation was
observed by NMR under a variety of conditions (Fig. 6B,C).
Complex formation could not be induced by attempting to
refold the complex from either thermal or chaotropic dena-

tured states. Thus, the folding recognition between p85 SH2
domain fragments is not conserved between the homolo-
gous domains.
The inability of the Src 5-kD peptide to form a stable

complex when swapped with its complementary p85 frag-
ment could be attributed to destabilization of the complex
because of the missing peptide bond between fragments
rather than a lack of conserved folding elements between
the two domains. To test this possibility, a Src-p85 SH2
domain chimera was designed in which the hybrid would be
expressed inEscherichia colicells as a fusion protein be-
tween the 5-kD fragment of Src and the 9-kD fragment of
p85. Attempts to induce chimera expression at three differ-
ent cell densities and temperatures failed to result in any
expression of a stable fusion protein, whereas the wild-type

Fig. 6. (A) Sequence alignment of the human Src and p85 SH2 domain sequences. The two domains have been aligned by the method
proposed by Eck et al. (1993), and conserved elements of sequence are shaded in gray. Secondary structural elements and numbering
are defined by the crystal and solution structures (Booker et al. 1992; Hensmann et al. 1994; Xu et al. 1995) and are shown above and
below the sequences, respectively. The lysine at which trypsin digestion produces 5- and 9-kD fragments is starred. (B) 1H-15N HSQC
spectrum of synthetic 5-kD p85 peptide combined with15N-labeled 9-kD p85 peptide, both at 180�M. Native-like crosspeaks are
observed. (C) 1H-15N HSQC spectrum of synthetic Src 5-kD peptide combined 1:1 at 40�M with 15N-labeled 9-kD p85 peptide. The
Src 5-kD fragment is unable to complement the p85 9-kD fragment, and a spectrum similar to 9-kD peptide alone is observed.
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p85 and Src SH2 domains express well under all conditions.
The only indication of induced protein expression occurred
at 16°C; however, the protein was approximately half the
target molecular weight and had a low abundance. This
suggests that the unfolded Src-p85 chimera protein is rap-
idly being proteolyzed within the cytoplasm of the cell on
expression and cannot be driven into inclusion bodies. Ex-
tensive mutation of the Src-like region back to p85 residues
such that the interface is 81% identical did allow for the
expression of folded full-length protein with significantly
reduced stability relative to wild type (Tm � 30°C). There-
fore, the inability of the Src 5-kD and p85 9-kD fragments
to fold into a stable native-like SH2 domain as either the
complex or full-length protein is attributable to missing se-
quence/structure information or the introduction of a dis-
ruptive contact at the interface.

Discussion

Fragment reconstitution of proteins has been shown to pro-
vide valuable information in protein-folding and recognition
studies. However, few high-resolution structural studies
have been performed on these fragment reconstitution sys-
tems, including the complete structures of RNaseS (Kim et
al. 1992) and the chymotrypsin inhibitor-2 noncovalent
complex (Neira et al. 1996). The p85 SH2 domain comple-
mentation system is potentially an excellent model in which
to study these folding and recognition events. When the p85
SH2 domain is cleaved into two peptide fragments with
trypsin, the isolated fragments do not retain their native
phosphopeptide-binding activity. However, on reconstitu-
tion of the peptide fragments, not only is native activity
partially restored (Williams and Shoelson 1993), but we
have shown by high-resolution NMR that the native struc-
ture is restored as well. Chemical shift changes of the back-
bone amide resonances in the complex relative to the native
protein reveal structural differences between the noncova-
lent complex and the native domain that are quite modest.
As expected, the most dramatic changes are observed at the
cleavage site. Chemical shifts in residues flanking the cleav-
age site at position 52 differ so dramatically in the complex
that comparison with the native domain does not allow for
assignment. Resonances for residues found along the inter-
face near the site of cleavage and the terminus of one helix
shift slightly, yet can be assigned readily by comparison
with the native spectrum.
Comparison of the observed chemical shift changes be-

tween the noncovalent complex and the native p85 SH2
domain reveals small structural differences which explain
the reduced phosphopeptide-binding activity of the complex
(Williams and Shoelson 1993). Cleavage of the BC loop of
the protein has been proposed to be responsible for reduced
binding affinity for its cognate phosphopeptide. This loop
creates the pocket that specifically binds the phosphate of

the tyrosine, and significant chemical shift changes were
observed in the loop on phosphopeptide binding in the so-
lution structure of the bovine p85 SH2 domain (Hensmann
et al. 1994a). The greatest chemical shift changes in the
noncovalent complex localize to this region (Fig. 5A,B). A
significant chemical shift change is also observed for R29
located in the N terminus of the 5-kD fragment�-helix. This
arginine is highly conserved among SH2 domains and has
been observed to form a hydrogen bond to the phosphate
and a stabilizing cation-� interaction with the aromatic ring
of the tyrosine in the phosphopeptide in the Src/peptide
structure (Waksman et al. 1993). This residue has also been
shown to undergo a chemical shift change in p85 when
bound to a phosphopeptide (Hensmann et al. 1994a). A
change in the chemical environment for this arginine may
indicate a slight structural change that leads to loss of af-
finity for the phosphopeptide. Significant chemical shift
changes in the noncovalent complex, however, were not
observed for K71, which forms the second cation-� inter-
action with the opposite face of the tyrosine ring. A slight
perturbation in chemical shift of the noncovalent complex is
also observed at L69, which lines the hydrophobic pocket of
the peptide-binding site. The reduction in binding affinity
for the phosphopeptide to the noncovalent p85 SH2 domain
does not appear to be because of a loss of specificity for the
cognate peptide. No significant chemical shift changes were
observed for F81, which has been proposed to provide
specificity of binding by interaction with the +3 methionine
of the phosphopeptide (Waksman et al. 1993; Hensmann et
al. 1994a). Thus, loss of phosphopeptide-binding activity in
the noncovalent p85 complex is mostly attributed to slight
structural perturbations at residues involved in binding the
phosphate and tyrosine ring rather than those involved in
binding the remaining residues of the peptide ligand.
Studies of the individual peptides have revealed that the

p85 complex forms from unfolded fragment states; thus, the
peptides fold on binding to create the noncovalent complex.
The interactions that stabilize the complex are likely to be
the same as those that stabilize the protein. Residual struc-
tures in protein fragments have been observed previously in
proteins that are capable of fragment reconstitution (Sancho
et al. 1992; de Prat-Gay and Fersht 1994; Kanaya and Ka-
naya 1995; Wang and Shortle 1997; Llinas and Marqusee
1998; Honda et al. 1999; Kobayashi et al. 1999; Neira and
Fersht 1999a, 1999b; Tasayco et al. 2000) and have been
proposed to be nucleation sites for protein folding in which
the structural motif serves as the basis for molecular recog-
nition (Wright et al. 1988; Dyson et al. 1992a, 1992b). No
evidence for residual structure in the SH2 domain fragments
has been found by NMR using chemical shift analysis, de-
naturation studies, and heteronuclear NOE data. The fact
that the p85 peptides are predominantly unstructured makes
this an interesting protein–protein recognition problem and
an unusual fragment complementation system. Recognition
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of a disordered state suggests that the fragments are induced
to cooperatively fold as opposed to recognition of a stable
structural motif that is preformed in one of the fragments.
The important interactions for formation of a fragment

complex with native structure likely occur along the buried
surface area at the interface between the p85 peptide frag-
ments in the noncovalent complex. This buried surface area
between the fragments, as measured on the native structure,
is quite large, i.e., 2.36 × 103 Å2 of buried surface area
measured using MOLMOL (Koradi et al. 1996), and
traverses the hydrophobic core of the domain. In addition to
the interactions at the interface between the�2 and �3
strands, extensive side-chain contacts between the 5- and
9-kD fragments also occur between the�1 strand (W22,
Y23) and the�2 helix (V90, V91, I94), between the�1
helix (V32, N33, L36) and the�2 strand. Only small chemi-
cal shift perturbations were observed for these additional
interfacial residues with the exception of N33, which lies
close to the surface of the protein near N67 and R62. These
important interactions in the native domain appear to be
intact in the noncovalent complex. Because of the high de-
gree of sequence and structural conservation between the
p85 and Src SH2 domains, in particular at the interface
(50%), we tested whether a p85/Src chimera is capable of
folding. The 5-kD peptide of the Src SH2 domain is not able
to fold into a native-like complex with the 9-kD fragment of
the p85 SH2 domain. Even a chimeric Src 5-kD-p85 9-kD
fusion protein was incapable of folding into a stable domain.
Thus, the results of the fragment complementation experi-
ments mimic the behavior of the full-length protein, estab-
lishing that fragment complementation is a valuable tool for
probing protein stability. The lack of stability in both the
chimeric complex and chimeric protein suggests that either
specific interactions at the interface between the 5- and
9-kD fragments through the hydrophobic core of the protein
are required to form a stable fold, or that an unfavorable
interaction has been introduced by the swap. These interac-
tions can be probed easily along this large interface for their
impact on complex formation and protein stability, and fur-
ther work in this area is currently in progress.

Conclusion

Reconstitution of protein fragments is an excellent tool for
probing protein–protein and protein-folding interactions.
The human p85� N-terminal SH2 domain is well-suited for
these studies for several reasons. First, it is a small mono-
meric domain that contains no disulfide bonds and does not
require additional ligands to form a stable noncovalent com-
plex. Second, a wealth of sequence and structure informa-
tion is available on SH2 domains, because nearly 200 of
these domains have been identified by sequence homology,
and several crystal and solution structures are available.
High-resolution structural characterization of this noncova-

lent complex system has shown that the structure of the
fragment complex is nearly identical to the native p85 SH2
domain. In contrast, the peptide fragments are predomi-
nantly unstructured in solution, establishing complex for-
mation as a folding-on-binding event. Complex formation is
sequence specific because fragment peptides from two
highly conserved domains were unable to structurally
complement either as a noncovalent complex or in the intact
chimeric protein. Examination of the specific interactions
that enable the noncovalent complex to form will provide
insight as to the nature of recognition elements necessary
for formation of a stable protein core.

Materials and methods

Materials

All chemicals used for protein expression, purification, and sample
preparation were purchased from Fisher Scientific and Sigma
Chemical Company. Uniformly15N-labeled (NH4)2SO4 and

13C-
labeled glucose were obtained from Cambridge Isotope Laborato-
ries. Preloaded amino acid resins for peptide synthesis were pur-
chased through Calbiochem-Novabiochem. Additional peptide
synthesis reagents and N-terminal Fmoc-protected amino acids
were purchased from PE Applied Biosystems. Expression vectors
were obtained from Novagen. Oligonucleotides were purchased
from New England Biolabs or GibcoBRL Life Technologies. Re-
striction enzymes were purchased from Promega, GibcoBRL, or
NEB.

Expression and purification of p85 and His-tagged p85

The p85� N-terminal SH2 domain, i.e., residues 323–438 of the
p85� subunit gene product, which correspond to residues 12–129
as defined by Hensmann et al. (1994a), was expressed in
BL21(DE3).E. coli cells transformed with a pET21a expression
vector containing the recombinant gene, which had been subcloned
into the vector usingNdeI andEcoRI restriction enzyme sites (p85
ANNMSLQNAEWYWGDISREEVNEKLRDTADGTFLVRDA
STKMHGDYTLTLRKGGNNKLIKIFHRDGKYGFSDPLTFSSV
VELINHYRNESLAQYNPKLDVKLLYPVSKYQQDQVVKED).
Cultures were grown 12–16 hr after induction with 1 mM IPTG at
25°C. Cells were lysed by French press and protein was precipi-
tated with 90% (w/v) ammonium sulfate following a 60% (w/v)
cut. Protein was further purified by cation exchange chromatog-
raphy on a 22 mL Pharmacia SP-Sepharose column in 20 mM
potassium phosphate at pH 6.0. Eluted fractions of protein were >
99% pure as verified by SDS-PAGE. Eluted fractions were com-
bined, dialyzed into deionized distilled water, and lyophilized.
Samples were reconstituted in an appropriate buffer.
A His-tagged construct of the p85 SH2 domain was also ex-

pressed inE. coli cells via a pET21a vector (ANNMSLQNAEWY
WGDISREEVNEKLRDTADGTFLVRDASTKMHGDYTLTLR
KGGNNKLIKIFHRDGKYGFSDPLTFSSVVELINHYRNESLA
QYNPKLDVKLLYPVSKYQQDQVVKEDNQNSSSVSQLAAA
LEHHHHHH). Cell cultures were induced with 1 mM IPTG at 25°C
at mid-log phase and grown 12–16 hr. The cell lysate was made to 10
mM Tris at pH 8.0 and passed over a Pharmacia metal chelating
column bound with Ni2+. Nonspecific protein interactions were dis-
rupted with 50 mM imidazole and the > 99% pure p85 His-tagged
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protein was eluted in 250 mM imidazole. Samples were dialyzed into
deionized distilled water, lyophilized, and reconstituted in an appro-
priate buffer.

Generation and purification of peptide fragments

Fragments were generated by limited proteolytic digest with tryp-
sin as described by Williams and Shoelson (1993). Lyophilized
p85 or p85 His-tagged protein was dissolved in 0.1 M sodium
bicarbonate at pH 8.0 to a concentration of 120�M. Trypsin was
added to a final concentration of 0.2% (w/w). Digests were per-
formed at 20°C for 1 hr. Immediately following the digest, frag-
ments were purified by reverse-phase HPLC chromatography on a
Vydac C18 semipreparative column with an acetonitrile gradient
in 0.1% TFA. Fractions were combined, lyophilized, and recon-
stituted in the appropriate buffer. The mass of the 9-kD, His-
tagged 9-kD, and 5-kD fragments was confirmed by MALDI TOF
mass spectrometry (5-kD p85 fragment ANNMSLQNAEWYW
GDISREEVNEKLRDTADGTFLVRDASTK, 9-kD p85 fragment
MHGDYTLTLRKGGNNKLIKIFHRDGKYGFSDPLTFSSVVE
LINHYRNESLAQYNPKLDVKLLYPVSKYQQDQVVKED, His-
tagged 9-kD p85 fragment MHGDYTLTLRKGGNNKLIKIFHR
DGKYGFSDPLTFSSVVELINHYRNESLAQYNPKLDVKLLY
PVSKYQQDQVVKEDNQNSSSVSQLAAALEHHHHHH).

NMR experiments

Uniformly 15N-isotopically labeled protein was produced by ex-
pression in minimal media containing 6.7 g/L Na2HPO4, 3 g/L
KH2PO4, 1.5 g/L NaCl, 2 g/L glucose, 10 mL/L Basal Medium
Eagle Vitamin solution from GibcoBRL, 162.2�g/L FeCl3, 286
�g/L H3BO4, 1.5 mg/L CaCl2

.2H2O, 4 �g/L CoCl2
.6H2O, 20

�g/L CuSO4
.5H2O, 20.8 mg/L MgCl2

.6H2O, 0.2�g/L MoO3, 20.8
�g/L ZnCl2, and 1.5 g/L (

15NH4)2SO4. Uniformly
15N, 13C-la-

beled protein was produced under the same conditions using D-
glucose (6-13C, 99%).
All NMR samples were prepared in 50 mM potassium phos-

phate buffer at pH 5.8, 50 mM sodium chloride, 0.02% sodium
azide, and 10% deuterium oxide unless otherwise specified. Ex-
periments were run on a Varian Unity Inova 500 MHz spectrom-
eter and spectra were processed with NMRPipe software using a
cosine apodization function and one round of zero filling (Delaglio
et al. 1995). All experiments were run at 25°C unless otherwise
specified. Typical1H-15N HSQC spectra were obtained with 2048
points and 128 t1 increments using a gradient sensitivity-enhanced
pulse sequence (Kay et al. 1992). The1H-15N heteronuclear NOE
experiment used 2048 points, 128 t1 increments, and 2.5 sec for the
NOE to build on proton saturation (Farrow et al. 1994).
Reassignment of the1H-15N HSQC assignments published by

Hensmann et al. (1994a) was necessary because of consistent dif-
ferences reported for15N and1H chemical shifts (Hensmann et al.
1994a, 1994b). Backbone amides and C� carbons of the p85 SH2
domain were assigned using standard multidimensional NMR
techniques. The experiments performed included a gradient sensi-
tivity-enhanced HNCA (Ikura et al. 1990; Grzesiek and Bax 1992;
Kay et al. 1994; Muhandiram and Kay 1994) using 1024 points, 64
t1 increments, and 32 t2 increments, a gradient sensitivity-en-
hanced HN(CO)CA (Shaka 1985; Patt 1992; Yamazaki et al. 1994)
using 1024 points, 64 t1 increments, and 32 t2 increments, and an
HSQC-TOCSY and HSQC-NOESY spectra using 1024 points, 64
t1 increments, 128 t2 increments, and 10 DIPSI-3 cycles with 69.1
msec TOCSY mixing time and 125 msec NOE mixing time, re-

spectively (Marion et al. 1989; Talluri and Wagner 1996). Assign-
ments are available as supplemental material.

Chemical shift analysis of the noncovalent p85�
N-terminal SH2 domain complex

Chemical shift values in1H-15N HSQC spectra were measured
using the Pipp peak-picking software package (Garrett et al. 1991).
The noncovalent p85 SH2 domain complex chemical shift assign-
ments were made by superposition of the complex1H-15N HSQC
spectrum with the native domain spectrum. The great similarity
between these two spectra allowed a quick assignment of nearly all
the crosspeaks by visual inspection. Peaks shifted > 1.0 ppm in15N
and 0.1 ppm in1H, when compared to the native spectrum, were
not assigned but are indicated in Figure 4 with a lower limit of 1.0
and 0.1 ppm, respectively.

Dynamic light scattering

12 mg/mL samples of native p85 and 9-kD fragment were pre-
pared in 50 mM potassium phosphate buffer at pH 5.8 and 50 mM
NaCl and filtered through a 0.2 micron filter. Samples were ex-
amined by dynamic light scattering using a Brookhaven Instru-
ments Corp. (BIC) system with a BI-200SM goniometer and BI-
9000AT digital correlator and with a 532 nm vertically polarized
solid-state laser (Uniphase,�Green laser) with 125-mW power
output. Light scattering was detected at a 90° angle over the course
of 10 min using delay times from 175–500 msec. Three data sets
of each sample were collected as an autocorrelation function,
which was analyzed by cumulants analysis to give an average
effective solution diameter (Koppel 1972).

SH2 domain fragment swapping experiment

The Src SH2 domain 5-kD peptide (residues 143–183 of the hu-
man Src gene product) was synthesized on an ABI 433A peptide
synthesizer using standard Fmoc chemistry for batchwise solid-
phase peptide synthesis on an Fmoc-Lys(Boc)-Wang resin (for
review, see Fields and Noble 1990). N-terminal Fmoc-protecting
groups were removed in 50% piperidine/DMF. Activation of
amino acids before coupling was achieved by HBTU/HOBt and
DIEA methodologies. Final deprotection of sidechains and cleav-
age from the resin were performed by treatment of the resin with
trifluoracetic acid for 3 hr. The peptide was precipitated with di-
ethyl ether and resolubilized in 10% ACN, 10% MeOH, and 0.1%
TFA. The peptide was then purified by reverse-phase HPLC on a
Vydac C18 semipreparative column using an acetonitrile gradient
in 10% MeOH and 0.1% TFA. Fractions were lyophilized and the
mass of the peptide confirmed by MALDI TOF mass spectrometry
(Src 5-kD peptide DSIQAEEWYFGKITRRESERLLLNAEN
PRGTFLVRESETTK). An equal molar amount of the 5-kD Src
SH2 peptide was combined with15N-labeled 9-kD C-terminal
fragment of the p85 SH2 domain in the same NMR solution con-
ditions described above.1H-15N HSQC spectra were collected for
each sample and examined for evidence of complex formation.
Additional samples were taken up in 5 M GndHCl and slowly
dialyzed back into NMR buffer to help induce complex formation.

Design and expression of the p85/Src chimera

Primers were designed containingNdeI andNsiI restriction sites to
amplify the gene encoding the 5-kD fragment of the Src SH2
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domain (Src 5-kD fragment AWYFGKITRRESERLLLNAEN
PRGTFLVRESETTK). Standard recombinant techniques were
used to create a pET21a plasmid coding for the N-terminal 5-kD
fragment of the Src SH2 domain fused to the C-terminal 9-kD
fragment of the p85 SH2 domain using the existing pET21a vector
containing the p85 gene. BL21(DE3) cells were transformed with
the plasmid and single colonies were grown to an O.D.600of ∼ 0.4,
0.7, and 1.0 on which time they were induced with 1 mM IPTG.
Timepoints were collected over the course of 16 hr at 16°, 25°, and
37°C and analyzed for induction of protein expression by SDS
PAGE.

Electronic supplemental material

The complete1H, 15N, and13C� backbone chemical shift assign-
ments for the p85 SH2 domain.
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