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Abstract

The N-terminal SH2 domain from the p&Subunit of phosphatidylinositol’ Xinase 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 nativetké&®N 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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Fragment reconstitution of an SH2 domain

nigues by religation of the fragments (Homandberg anc
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 site
of protein folding (Oas and Kim 1988; Wright et al. 1988;
Dyson et al. 1992a, 1992b; for review, see de Prat-Ga
1996). Fragment complementation systems offer an op
portunity to scrutinize the recognition elements necessar
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 bic
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 a
2000; Yu et al. 2000). High-resolution structural data on
these complementation systems are needed to provide st
ficiently detailed characterization of the molecular inter- trypsin cieavage site —
actions necessary to understand the recognition process..
that faCi”t_ate folding. Here, V\_/E presgnt . high-_resolu_tion Fig. 1. Backbone ribbon structure of the bovine p88l-terminal SH2
NMR studies of the SH2 domain establishing this motif asqomain (PDB 2PNB). Limited tryptic digestion cleaves the domain at an
a suitable fragment complementation system for structuradxposed lysine (K52) within the flexible BC loop between g2 andpC
studies. strands of the domain. The resulting 5- and 9-kD fragments are colored
SH2 domains display many critical features that make®!P'e and red, respectively.
them good candidates for complementation studies. SH2
domains are small and monomeric, contain no disulfideprotein recognition problem in which the recognition ele-
bonds, and do not require a ligand to stabilize the overalments necessary for the two fragments to come together in
native o/p fold. SH2 domains are also highly conserved assolution also stabilize the hydrophobic core of the protein. A
a family in sequence, structure, and function. The domainsgletailed understanding of these interactions will provide in-
are mediators of cellular-signaling pathways and bind pepsight into the role of hydrophobic cores in stabilizing pro-
tides containing phosphorylated tyrosines in a sequenceein structure. In addition to these favorable physical char-
dependent context. The human Src SH2 domain and thacteristics, a wealth of sequence information is available for
human N-terminal SH2 domain from the p8Subunit of the domain family as well as structural information that
phosphatidylinositol 3 kinase form 5- and 9-kD peptide could facilitate analysis of the sequence dependence of
fragments on trypsin cleavage at an exposed lysine in theomplex formation. Therefore, fragment reconstitution of
flexible BC loop (Fig. 1). These two peptides have beenSH2 domains is a promising model system for probing the
shown to be capable of fragment complementation (Wil-molecular interactions governing folding interactions and
liams and Shoelson 1993). CD spectropolarimetry showegrotein stability. However, high-resolution structural data
that the noncovalent SH2 domain complex displayed secen the noncovalent complex of an SH2 domain are needed
ondary structure similar to the native domain but was lesbefore a detailed understanding of the complementation
stable to temperature denaturation. The noncovalent conprocess can be obtained.
plexes retain limited biological activity and can bind their In this study, heteronuclear NMR spectroscopy is used to
target peptide, albeit with an order of magnitude reducedatharacterize the intact protein, peptide fragments, and non-
affinity when compared to the native protein. It was pro- covalent complex of the p85 SH2 domain. Although the
posed by Williams and Shoelson (1993) that the reducedragments are found to be highly disordered in solution, the
binding affinity of the SH2 domain for its specific phos- noncovalent complex of these peptides shows a native-like
phopeptide was because of ineffective recognition of thestructure. This is unusual, as it is more commonly found that
phosphate by the cleaved BC-binding loop rather than teesidual structure exists in one of the complementation com-
inefficient complex formation. petent fragments, and few well-characterized systems have
The 5- and 9-kD SH2 domain fragments divide the nativeshown fragment complementation from completely disor-
domain structure along a largeesheet structure within the dered states (Neira et al. 1996; Chaffotte et al. 1997; Ta-
interior of the protein. Thus, the two fragments associatesayco et al. 2000). Evaluation of thE-1>N HSQC spectra
along a large hydrophobic surface area that traverses thaf fragment complexes is a valuable analysis tool for deter-
core of the domain. This presents an intriguing protein-mining which specific interactions between these fragments
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are perturbed in the noncovalent complex. Analysis of5-kD fragment are observed (40 out of 43), indicating that
chemical shift changes between the native protein and northere are not multiple conformations exchanging slowly on
covalent complex reveals only small differences, indicatingthe NMR timescale. ThéH->N heteronuclear NOEs are
that the two have similar three-dimensional structures. Theniformly negative throughout the sequence, which differs
differences rationalize the reduced phosphopeptide bindinffom what is observed in the intact p85 SH2 domain, indi-
affinity observed in the complex. To evaluate the sequenceating global motions on a subnanosecond time scale con-
specificity of complex formation, the 5-kD fragment of p85 sistent with an unfolded peptide. No evidence for the pres-
was replaced by the homologous Src protein 5-kD fragmentence of residual structure could be detected from a tempera-
It was found that this related sequence is incapable of strudure denaturation study; no significant changes in ‘tHe
turally complementing the p85 9-kD fragment, either in *>N HSQC spectrum of the 5-kD fragment were observed
bimolecular complex formation or in the context of a full- over a temperature range of 25° to 50°C. Samples prepared

length chimeric protein. in 5 M GndHCI also did not show any significant changes
in the *H-'>N HSQC spectrum. These data are consistent
Results with an unstructured peptide that is rapidly sampling many

conformational states on the NMR timescale.
Characterization of the native p85 SH2 domain

Structural features of the native p85 SH2 domain were studEharacterization of the 9-kD p85 SH2
ied using NMR spectroscopy. THel-*>N HSQC spectrum  domain fragment

of the native p85 SH2 domain, seen in Figure 2A, shows thq_
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 usin

he'H-"*N HSQC spectrum of the 9-kD fragment shown in
Figure 2C, like the 5-kD fragment, shows little peak dis-
@ersion, suggesting that this fragment is also unstructured.

; L like the 5-kD spectrum, there are variations in
NMR (Booker et al. 1992). The bovine SH2 domain differs OWever, un' : N 1
from the human p8&s N-terminal SH2 domain at only three peak |ntenS|t|e§ and larger linewidths in N HSQC
residues: D19N, N88S, and L119K. The backbone resoSPECUM leading to a great degree of peak overlap, thus

nance assignments were obtained independently at our eQ_reventlng accudra;\em?uanrt]ltg.tflfqn I?f[ the nLtJIrtn?ertr? f reso-
perimental conditions using standard heteronuclear NM ances observed. ough ditticult fo quantitate, the num-

; ts of3C. 15N uniformlv labeled protein. Assian- P of crosspeaks observed clearly exceeds the predicted
experiments on, tntrorm’y 'ayeiec protein. Assign lember for the 9-kD fragment. The variation in linewidth

nd number of crosspeaks may be because of the presence
f several conformers interconverting slowly on the NMR

NOEs were measured for all amide crosspeaks (residu emical shift time scale, which would be consistent with
S16-D123) except those assigned to the N and C termiri€ Presence of residual structure, or may be due to the

H 15
and sidechains (Fig. 4A) (Farrow et al. 1994). The positivepresence of oligomers. THei-"N heteronuclear NOEs are

NOEs are indicative of a stably folded macromolecule tum.negative for all of the amides in the 9-kD fragment, con-

bling with an overall correlation timer() in the nanosecond sistent with the majority of the fragment population being
time regime 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
The identification of residual structures in individual pep- 2-D spectra were collected at 5°, 25°, and 45°C and exam-
tide fragments could provide insight to the folding andined for changes in chemical shifts and linewidths of the
complementation pathway of the domain. To determine ifresonances. No significant changes were observed as a func-
residual structure is present, each isotopically labeled fragtion of temperature. In addition, no significant changes in
ment was studied individually. TH&l-*>N HSQC spectrum  the spectrum were observed in either chemical shift or line-
of **N-labeled 5-kD fragment of p85, shown in Figure 2B, width in the*H->N HSQC spectrum in the presence of 5 M
differs dramatically from that of the native protein and GndHCI. Denaturations monitored by CD spectropolarim-
strongly suggests that the peptide is unfolded in solutionetry also indicated that no cooperatively formed residual
The amide proton resonances show little chemical shift disstructure was present. From these data it seems unlikely that
persion and fall between 7.5 and 8.5 ppm, consistent withhere is any cooperatively formed residual structure present
random coil assignments for the 20 amino acids (Bundi anavithin the 9-kD p85 fragment. Instead, these data suggest
Withrich 1979; Braun et al. 1994; Wishart et al. 1995). Thethat the 9-kD fragment is nonspecifically self-associating
majority of the proton amide resonances expected for thénto higher order structures.

are numbered according to the bovine construct as given b
Hensmann et al. (1994a). Positivel-'>N heteronuclear

Characterization of the 5-kD p85 SH2
domain fragment
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DLS measurements were performed on the 9-kD fragthat their structures are very similar. In addition, the'>N
ment and compared to the native p85 SH2 domain to deheteronuclear NOEs are positive for the same crosspeaks as
termine its aggregation state in solution. Cumulants analysis the native domain, indicating the presence of a stably
(Koppel 1972) of the native p85 domain gave an effectivefolded protein complex (Fig. 4). These observations show
diameter of 4.73 = 0.06 nm and a polydispersity of 0.06 tthat native-like structure is essentially completely recovered
0.03. The expected diameter, as calculated from the solutioan complementation, because thé¢-*>N HSQC spectrum
structure (Booker et al. 1992), is 3—4 nm, which is in goodis exquisitely sensitive to the precise details of the molecu-
agreement with the DLS results. In contrast, the effectivdar environment of each amide proton and nitrogen.
diameter of the 9-kD fragment is 73 + 4 nm, with a poly- The titration of 5-kD peptide with 9-kD peptide showed
dispersity of 0.21 + 0.02. This is indicative of a solution the complex to be in slow exchange with the fragments on
containing multiple populations of higher order species inthe NMR chemical shift timescale. NMR spectra obtained
which the average oligomeric state consists of several 9-k@n serial dilutions of the complex down to au sample
peptide molecules. The presence of aggregated states, hostill displayed peaks consistent with a native-like HSQC
ever, is not surprising given the hydrophobic stretchespectrum, indicating that the upper limit for the, Kf the
within the 9-kD fragment, and that self association of pep-complex is in the low to sutwM range, consistent with
tide fragments have been observed in other complementaalues obtained on other fragment complementation sys-
tion systems (Tasayco and Carey 1992; Kanaya and Kanayams (Sancho and Fersht 1992; Wu et al. 1993; de Prat-Gay
1995; Ladurner et al. 1997; Georgescu et al. 1999; Neirand Fersht 1994; Kobayashi et al. 1995, 1999; Georgescu et
and Fersht 1999a). Addition of 5 M GndHCI to the 9-kD al. 1999). To test the thermal stability of the complex, one-
DLS sample resulted in a decreased effective diameter of 4@imensional*H spectra were collected at temperatures of
+ 2 nm and an increased polydispersity of 0.33 + 0.02.25°, 30°, 35°, 40°, 45°, and 50°C. These data, shown in
Although the denaturant succeeded in lowering the averageéigure 3B, indicate a reduction in thermal stability relative
effective diameter by breaking up some aggregates, thto the intact protein. Signals from the folded state melted out
number of populated aggregated states actually increasebetween 40° and 45°C, whereas the intact protein was stable
This may explain the lack of significant changes in theto 65°C, consistent with reported thermal denaturations
'H-15N HSQC spectrum of the 9-kD fragment that were monitored by CD spectropolarimetry (Wiliams and
observed with addition of denaturant. Shoelson 1993).

The degree of self association may be exacerbated by the Strikingly, nearly all of the nativéH-'°>N crosspeaks ob-
high concentrations (> 1 mM) necessary to do DLS analyserved in the native p85 SH2 domain (Fig. 3A) are recov-
sis, but even at the lower concentrations used for NMR (10@red in the p85 complex with only some slight chemical
wM), aggregation is likely to be an important contribution to shift changes. Native structure is clearly recovered on frag-
the variation in NMR linewidths. However, the monomeric ment complementation. Therefore, the reduction in stability
state must still be present in the population, because thef the complex is not because of any significant change in
9-kD peptide resonances are readily observable by NMRstructure compared to the native domain. ¢ chemical
The presence of multiple states within the 9-kD sampleshift changes (Fig. 5A) were mapped onto the structure of
because of higher order oligomers, should not preclud¢he p85 SH2 domain to localize the regions of structural
high-resolution studies of the noncovalent peptide comdifference between the intact and complexed protein (Fig.
plexes, because the aggregated state(s) are apparently5B). The most dramatic differences occur in the loop resi-
equilibrium with the monomeric form. As shown below, dues containing the trypsin cleavage site (K52) that sepa-
formation of a specific structured complex between the 9+ates the 5- and 9-kD fragments. Smaller chemical shift
and 5-kD fragments is thermodynamically more stable tharthanges were observed at the interface between fragments
the 9-kD conformational ensemble. 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
A dramatic change in the NMR spectrum is observed wheriold spontaneously into a stable structure. This folded struc-
the individual 5- and 9-kD fragments are combined. Theture is essentially structurally identical to the native domain
°N-labeled complex of the p85 SH2 domain 5-kD fragmentand shows only a moderate change in melting temperature.
with the 9-kD fragment shows aiH-*>N HSQC spectrum o o
that is remarkably similar to the spectrum of the intact pro-Investigation of the sequence specificity
tein. The superposition of these two spectra is shown if?f complex formation
Figure 3A. The close overall match of the chemical shifts ofThe specificity of this interaction between SH2 domain
the noncovalent complex with the intact protein indicatesfragments was examined by testing the folding capability of

Characterization of the noncovalent p85 SH2
domain complex
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the corresponding N-terminal 5-kD fragment of the humantured states. Thus, the folding recognition between p85 SH2
Src SH2 domain with the 9-kD p85 SH2 domain fragment.domain fragments is not conserved between the homolo-
The Src SH2 domain has high sequence and structure hgous domains.

mology (superposition of 5-kD region with 1.5 ARMSD)to  The inability of the Src 5-kD peptide to form a stable
the p85 SH2 domain (Fig. 6A), and the corresponding Src 5eomplex when swapped with its complementary p85 frag-
and 9-kD fragments can form a partially active complexment could be attributed to destabilization of the complex
(Williams and Shoelson 1993). The sequence identity obecause of the missing peptide bond between fragments
the complementary Src 5-kD peptide to the p85 5-kD peprather than a lack of conserved folding elements between
tide is 42%, and most of the hydrophobic core residues arthe two domains. To test this possibility, a Src-p85 SH2
conserved in this fragment between the two domains. Howeomain chimera was designed in which the hybrid would be
ever, despite the high structure and sequence homology bexpressed irEscherichia colicells as a fusion protein be-
tween the two SH2 domains, no complex formation wastween the 5-kD fragment of Src and the 9-kD fragment of
observed by NMR under a variety of conditions (Fig. 6B,C).p85. Attempts to induce chimera expression at three differ-
Complex formation could not be induced by attempting toent cell densities and temperatures failed to result in any
refold the complex from either thermal or chaotropic dena-expression of a stable fusion protein, whereas the wild-type

%
p85 12 ANNMSLONAE|WYW|GDI |[SREEVNEKLR| DT ADG|TFLVRDA |STKMHG|DYTLTLRK|G G|NNELIKI| 72
Src 148 DSIQAEE|WYF |GKI [TRRESERLLL| NAENPRG| TFLVRES | ETTKG|AYCLSVSD|FDN AKGL|NVEKHYKI| 204
p85 73 |FHR| DG |KYGF| SDP |[LTF| S EVVELINHYRNE |S LAQYNPKLDVELL|YPV|117
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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 isBjtééaN(HSQC

spectrum of synthetic 5-kD p85 peptide combined witN-labeled 9-kD p85 peptide, both at 180. Native-like crosspeaks are
observed.€) *H-**N HSQC spectrum of synthetic Src 5-kD peptide combined 1:1 atMGwvith **N-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 conditionghe tyrosine, and significant chemical shift changes were
The only indication of induced protein expression occurredobserved in the loop on phosphopeptide binding in the so-
at 16°C; however, the protein was approximately half thelution structure of the bovine p85 SH2 domain (Hensmann
target molecular weight and had a low abundance. Thigt al. 1994a). The greatest chemical shift changes in the
suggests that the unfolded Src-p85 chimera protein is ramoncovalent complex localize to this region (Fig. 5A,B). A
idly being proteolyzed within the cytoplasm of the cell on significant chemical shift change is also observed for R29
expression and cannot be driven into inclusion bodies. Exlocated in the N terminus of the 5-kD fragmeuhelix. This
tensive mutation of the Src-like region back to p85 residuesrginine is highly conserved among SH2 domains and has
such that the interface is 81% identical did allow for thebeen observed to form a hydrogen bond to the phosphate
expression of folded full-length protein with significantly and a stabilizing cationar interaction with the aromatic ring
reduced stability relative to wild type (T= 30°C). There- of the tyrosine in the phosphopeptide in the Src/peptide
fore, the inability of the Src 5-kD and p85 9-kD fragments structure (Waksman et al. 1993). This residue has also been
to fold into a stable native-like SH2 domain as either theshown to undergo a chemical shift change in p85 when
complex or full-length protein is attributable to missing se-bound to a phosphopeptide (Hensmann et al. 1994a). A
quence/structure information or the introduction of a dis-change in the chemical environment for this arginine may
ruptive contact at the interface. 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 cationater-
Fragment reconstitution of proteins has been shown to proaction with the opposite face of the tyrosine ring. A slight
vide valuable information in protein-folding and recognition perturbation in chemical shift of the noncovalent complex is
studies. However, few high-resolution structural studiesalso observed at L69, which lines the hydrophobic pocket of
have been performed on these fragment reconstitution syshe peptide-binding site. The reduction in binding affinity
tems, including the complete structures of RNaseS (Kim efor the phosphopeptide to the noncovalent p85 SH2 domain
al. 1992) and the chymotrypsin inhibitor-2 noncovalentdoes not appear to be because of a loss of specificity for the
complex (Neira et al. 1996). The p85 SH2 domain comple-cognate peptide. No significant chemical shift changes were
mentation system is potentially an excellent model in whichobserved for F81, which has been proposed to provide
to study these folding and recognition events. When the p85pecificity of binding by interaction with the +3 methionine
SH2 domain is cleaved into two peptide fragments withof the phosphopeptide (Waksman et al. 1993; Hensmann et
trypsin, the isolated fragments do not retain their nativeal. 1994a). Thus, loss of phosphopeptide-binding activity in
phosphopeptide-binding activity. However, on reconstitu-the noncovalent p85 complex is mostly attributed to slight
tion of the peptide fragments, not only is native activity structural perturbations at residues involved in binding the
partially restored (Williams and Shoelson 1993), but wephosphate and tyrosine ring rather than those involved in
have shown by high-resolution NMR that the native struc-binding the remaining residues of the peptide ligand.
ture is restored as well. Chemical shift changes of the back- Studies of the individual peptides have revealed that the
bone amide resonances in the complex relative to the natiye85 complex forms from unfolded fragment states; thus, the
protein reveal structural differences between the noncovepeptides fold on binding to create the noncovalent complex.
lent complex and the native domain that are quite modesiThe interactions that stabilize the complex are likely to be
As expected, the most dramatic changes are observed at ttiee same as those that stabilize the protein. Residual struc-
cleavage site. Chemical shifts in residues flanking the cleavtures in protein fragments have been observed previously in
age site at position 52 differ so dramatically in the complexproteins that are capable of fragment reconstitution (Sancho
that comparison with the native domain does not allow foret al. 1992; de Prat-Gay and Fersht 1994; Kanaya and Ka-
assignment. Resonances for residues found along the intemaya 1995; Wang and Shortle 1997; Llinas and Marqusee
face near the site of cleavage and the terminus of one heli¥998; Honda et al. 1999; Kobayashi et al. 1999; Neira and
shift slightly, yet can be assigned readily by comparisonFersht 1999a, 1999b; Tasayco et al. 2000) and have been
with the native spectrum. proposed to be nucleation sites for protein folding in which
Comparison of the observed chemical shift changes bethe structural motif serves as the basis for molecular recog-
tween the noncovalent complex and the native p85 SHaition (Wright et al. 1988; Dyson et al. 1992a, 1992b). No
domain reveals small structural differences which explairevidence for residual structure in the SH2 domain fragments
the reduced phosphopeptide-binding activity of the complexhas been found by NMR using chemical shift analysis, de-
(Williams and Shoelson 1993). Cleavage of the BC loop ofmaturation studies, and heteronuclear NOE data. The fact
the protein has been proposed to be responsible for reducéldat the p85 peptides are predominantly unstructured makes
binding affinity for its cognate phosphopeptide. This loopthis an interesting protein—protein recognition problem and
creates the pocket that specifically binds the phosphate ain unusual fragment complementation system. Recognition

Discussion
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of a disordered state suggests that the fragments are inducksht complex system has shown that the structure of the

to cooperatively fold as opposed to recognition of a stabldragment complex is nearly identical to the native p85 SH2

structural motif that is preformed in one of the fragments. domain. In contrast, the peptide fragments are predomi-
The important interactions for formation of a fragment nantly unstructured in solution, establishing complex for-

complex with native structure likely occur along the buried mation as a folding-on-binding event. Complex formation is

surface area at the interface between the p85 peptide fragequence specific because fragment peptides from two

ments in the noncovalent complex. This buried surface arehighly conserved domains were unable to structurally

between the fragments, as measured on the native structu@mplement either as a noncovalent complex or in the intact

is quite large, i.e., 2.36 x £0A? of buried surface area chimeric protein. Examination of the specific interactions

measured using MOLMOL (Koradi et al. 1996), and that enable the noncovalent complex to form will provide

traverses the hydrophobic core of the domain. In addition tansight as to the nature of recognition elements necessary

the interactions at the interface between @2 and 33  for formation of a stable protein core.

strands, extensive side-chain contacts between the 5- and

9-kD fragments also occur between tpé& strand (W22, )

Y23) and thea2 helix (V90, V91, 194), between thel  Materials and methods

helix (V32, N33, L36) and th@2 strand. Only small chemi- )

cal shift perturbations were observed for these additionaMaterials

interfacial residues with the exception of N33, which lies a|| chemicals used for protein expression, purification, and sample

close to the surface of the protein near N67 and R62. Thegareparation were purchased from Fisher Scientific and Sigma

important interactions in the native domain appear to béchemical Company. Uniformly°N-labeled (NH),SO, and*°C-

intact in the noncovalent complex. Because of the high del_abeled glucose were obtained from Cambridge Isotope Laborato-
' ries. Preloaded amino acid resins for peptide synthesis were pur-

gree of sequence and St_ructgral Cor_1$ervat|on be_tween trEﬁased through Calbiochem-Novabiochem. Additional peptide
p85 and Src SH2 domains, in particular at the interfaceynthesis reagents and N-terminal Fmoc-protected amino acids
(50%), we tested whether a p85/Src chimera is capable afiere purchased from PE Applied Biosystems. Expression vectors
folding. The 5-kD peptide of the Src SH2 domain is not ablewere obtained from Novagen. Oligonucleotides were purchased
to fold into a native-like complex with the 9-kD fragment of frt?_mt.Nr?WnE”%']a”d B'?'abSrOLG'bg(}?F:T'; llgfeniechngl%gleghRLe- )
the p85 SH2 domain. Even a chimeric Src 5-kD-p85 9-sz,\lE"|;IO enzymes were purchased 1ro omega, LIbCoBRE. o
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-Expression and purification of p85 and His-tagged p85
"Sh"?g that frqgment_c_omplementatlon 'S a_\_/alqable tool forThe p8m N-terminal SH2 domain, i.e., residues 323-438 of the
p“?b'”g protein stability. _Thellack Of_ stability in both the p85x subunit gene product, which correspond to residues 12—129
chimeric complex and chimeric protein suggests that eithess defined by Hensmann et al. (1994a), was expressed in
specific interactions at the interface between the 5- an®L21(DE3).E. coli cells transformed with a pET21a expression
9-kD fragments through the hydrophobic core of the proteirvector containing the recombinant gene, which had been subcloned

; jnto the vector usingNdd and EcaRl restriction enzyme sites (p85
are required to form a stable fold, or that an unfavorabIe‘A’\”\IMSLQ'\I'A\EWYWGDISREEVNEKLRDT'A\DGTFLVRDA

irlteraction has been intrloduced by. the swap. These interangMHGDYTLTLRKGGNNKLIKlFHRDGKYGFSDPLTFSSV
tions can be probed easily along this large interface for theit/gINHYRNESLAQYNPKLDVKLLYPVSKYQQDQVVKED).
impact on complex formation and protein stability, and fur- Cultures were grown 12-16 hr after induction with 1 mM IPTG at
ther work in this area is currently in progress. 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-
Conclusion raphy on a 22 mL Pharmacia SP-Sepharose column in 20 mM
potassium phosphate at pH 6.0. Eluted fractions of protein were >
Reconstitution of protein fragments is an excellent tool for99% pure as verified by SDS-PAGE. Eluted fractions were com-
probing protein—protein and protein-folding interactions.bined, dialyzed into deionized distilled water, and lyophilized.

The human N-terminal SH2 domain is well-sui for Sampl_es were reconstituted in an appropriate bu_ffer.
e human p&5 N-te al SH2 domain is well-suited fo A His-tagged construct of the p85 SH2 domain was also ex-

these studies for several reasons. First, it is a small MONG5essed irE. colicells via a pET21a vector (ANNMSLQONAEWY
meric domain that contains no disulfide bonds and does najyGDISREEVNEKLRDTADGTFLVRDASTKMHGDYTLTLR
require additional ligands to form a stable noncovalent comKGGNNKLIKIFHRDGKYGFSDPLTFSSVVELINHYRNESLA

plex. Second, a wealth of sequence and structure informa&YNPKLDVKLLYPVSKYQQDQVVKEDNQNSSSVSQLAAA

tion is available on SH2 domains, because nearly 200 oIr.EH.HHHHH). Cell cultures were induced with 1 mM IPTG at 25°C
h d ins h b identified b h I at mid-log phase and grown 12-16 hr. The cell lysate was made to 10
ese domains have been iaentiied by sequence Nomolog Tris”at pH 8.0 and passed over a Pharmacia metal chelating

and several crystal and solution structures are availableolumn bound with Ni*. Nonspecific protein interactions were dis-
High-resolution structural characterization of this noncova-upted 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 intspectively (Marion et al. 1989; Talluri and Wagner 1996). Assign-
deionized distilled water, lyophilized, and reconstituted in an approiments are available as supplemental material.
priate buffer.

Chemical shift analysis of the noncovalent p85
Generation and purification of peptide fragments N-terminal SH2 domain complex

. - . Chemical shift values iftH-®N HSQC spectra were measured
Fragments were generated by limited proteolytic digest with tryp-using the Pipp peak-picking software package (Garrett et al. 1991)
sin as described by Williams and Shoelson (1993). Lyophilized.l.he noncovalent p85 SH2 domain complex chemical shift éssign-.
p85 or p85 His-tagged protein was (_jissolved in 0.1 M sodiumments were made by superposition of the comptext>N HSQC
blc;::r?jonatefat Fl’H 80toa (_:oncefnggtof)n O/f mb_Trypsm was spectrum with the native domain spectrum. The great similarity
added to a final concentration of 0.2% (w/w). Digests were PE€"hetween these two spectra allowed a quick assignment of nearly all

formed at 20°C_f_or 1 hr. Immediately following the digest, frag- the crosspeaks by visual inspection. Peaks shifted > 1.0 pprhlin
ments were purified by reverse-phase HPLC chromatography on 8nd 0.1 ppm iftH, when compared to the native spectrum, were

Vydac C18 semipreparative column with an acetonitrile gradien . - o . o
in 0.1% TFA. Fractions were combined, lyophilized, and recon-tgg':j"’B‘\“?gpn‘;an(iI brtétszrgzclthE/ated in Figure 4 with a lower limit of 1.0

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 Dynamic light scattering
GDISREEVNEKLRDTADGTFLVRDASTK, 9-kD p85 fragment
MHGDYTLTLRKGGNNKLIKIFHRDGKYGFSDPLTFSSVVE 12 mg/mL samples of native p85 and 9-kD fragment were pre-
LINHYRNESLAQYNPKLDVKLLYPVSKYQQDQVVKED, His- pared in 50 mM potassium phosphate buffer at pH 5.8 and 50 mM
tagged 9-kD p85 fragment MHGDYTLTLRKGGNNKLIKIFHR  NaCl and filtered through a 0.2 micron filter. Samples were ex-
DGKYGFSDPLTFSSVVELINHYRNESLAYNPKLDVKLLY amined by dynamic light scattering using a Brookhaven Instru-
PVSKYQQDQVVKEDNQNSSSVSQLAAALEHHHHHH). ments Corp. (BIC) system with a BI-200SM goniometer and BI-
9000AT digital correlator and with a 532 nm vertically polarized
solid-state laser (Uniphas@,Green laser) with 125-mW power
NMR experiments 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

Uniformly *N-isotopically labeled protein was produced by ex- Of €ach sample were collected as an autocorrelation function,
pression in minimal media containing 6.7 g/L PO, 3 giL  Which was analyzed by cumulants analysis to give an average
KH,PO, 1.5 g/L NaCl, 2 g/L glucose, 10 mL/L Basal Medium e€ffective solution diameter (Koppel 1972).

Eagle Vitamin solution from GibcoBRL, 162,2g/L FeClL, 286

pg/L H;BO,, 1.5 mg/L CaCJ2H,0, 4 pg/L CoClL6H,0, 20 : . :

wg/L CuSQ5H,0, 20.8 mg/L MgCh6H,0, 0.2ug/L MoO,, 20.8 SH2 domain fragment swapping experiment

g/l ZnCl,, and 1.5 g/L {™NH,);SO,. Uniformly *N, **C-la-  tha gr¢ SH2 domain 5-kD peptide (residues 143-183 of the hu-
beled protein was produced under the same conditions using Bpan Sre gene product) was synthesized on an ABI 433A peptide
glucose (6-°C, 99%). . . synthesizer using standard Fmoc chemistry for batchwise solid-
All NMR samples were prepared in 50 mM potassLum PhoS-phase peptide synthesis on an Fmoc-Lys(Boc)-Wang resin (for
phate buffer at pH 5.8, 50 mM sodium chloride, 0.02% sodium ey je\y, see Fields and Noble 1990). N-terminal Fmoc-protecting
azide, and 10% deuterium oxide unless otherwise specified. E)ijroups were removed in 50% piperidine/DMF. Activation of
periments were run on a Varian Unity Inova 500 MHz Spectrom-aming acids before coupling was achieved by HBTU/HOBt and
eter and spectra were processed with NMRPipe software using 8|ea methodologies. Final deprotection of sidechains and cleav-
cosine apodization funptlon and one round of ozero filling (Delaglllo age from the resin were performed by treatment of the resin with
et al. 1995). All experiments were run at 25°C unless Otherwiseyiforacetic acid for 3 hr. The peptide was precipitated with di-
specified. TypicalH-""N HSQC spectra were obtained with 2048 o) ether and resolubilized in 10% ACN, 10% MeOH, and 0.1%
points and 128,tincrements using a graflslent sensitivity-enhancedtea The peptide was then purified by reverse-phase HPLC on a
pulse sequence (Kay et al. 1992). THe"*N heteronuclear NOE Vydac C18 semipreparative column using an acetonitrile gradient
experiment used 2048 points, 128ricrements, and 2.5 secfor the jy'1 095 MeOH and 0.1% TFA. Fractions were lyophilized and the
NOE to build on proton saturation (Farrow et al. 1994). mass of the peptide confirmed by MALDI TOF mass spectrometry
Reassignment of th&H-**N HSQC assignments publlshgd by Src 5-kD peptide DSIQAEEWYFGKITRRESERLLLNAEN
Hensmann et al. (1994a) was necessary because of consistent RGTFLVRESETTK). An equal molar amount of the 5-kD Src
ferences reported fdPN and*H chemical shifts (Hensmann et al. SH2 peptide was combined witN-labeled 9-kD C-terminal
1994a, 1994b). Backbone amides anddarbons of the p85 SH2 fragment of the p85 SH2 domain in the same NMR solution con-
domain were assigned using standard multidimensional NMRyiions described abovéH-5N HSQC spectra were collected for
techniques. The experiments performed included a gradient senslychy sample and examined for evidence of complex formation.
tivity-enhanced HNCA (I_kura etal. 1990; Grzes_lek and Bax_ 1992;Additional samples were taken up in 5 M GndHCI and slowly
Kay etal. 1994; Muhandiram and Kay 1994) using 1024 points, 64jia1y7ed back into NMR buffer to help induce complex formation.
t, increments, and 32,tincrements, a gradient sensitivity-en-
hanced HN(CO)CA (Shaka 1985; Patt 1992; Yamazaki et al. 1994)
Using 1024 pOintS, 64|_ﬁncrements, and 3% increments, and an Des|gn and expreSSK)n Of the p85/SrC Chlmera
HSQC-TOCSY and HSQC-NOESY spectra using 1024 points, 64
t, increments, 128,tincrements, and 10 DIPSI-3 cycles with 69.1 Primers were designed containiNgld andNsil restriction sites to
msec TOCSY mixing time and 125 msec NOE mixing time, re- amplify the gene encoding the 5-kD fragment of the Src SH2
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domain (Src 5-kD fragment AWYFGKITRRESERLLLNAEN Folding of peptide fragments comprising the complete sequence of proteins.
PRGTFLVRESETTK). Standard recombinant techniques were Models for initiation of protein folding. |. Myohemerythrird. Mol. Biol.
; ; ; 226:795-817.

used to create a pET21a plasml_d coding for the N-termlnal 5-kDDyson' H.J. Sayre, J.R., Merutka, G.. Shin, H.C.. Lemer, R.A., and Wright,

fragment of the Src SH2 domain fused to the C-terminal 9-kD "5 E '199h. Folding of peptide fragments comprising the complete sequence

fragment of the p85 SH2 domain using the existing pET21a vector  of proteins. Models for initiation of protein folding. II. PlastocyaninMol.

containing the p85 gene. BL21(DE3) cells were transformed with  Biol. 226: 819-835.

the plasmid and single colonies were grown to an g,5of (0.4, Eck, MJ, Shoelson, S.E., an_d Harrison, S.C. 1993. Recogn_ition of a high-

0.7, and 1.0 on which time they were induced with 1 mM IPTG.  affinity phosphotyfosy| peptide by the Sre homology-2 domatin of pS6(Lck)

: . o o ature 362: 87-91.

TITepOInts were collecte_d over_ the course gf 16 hr at :.LG  25° an%ustance, R.J. and Schleif, R.F. 1996. In vivo association of protein fragments

37°C and analyzed for induction of protein expression by SDS giving active AraC Proteins25: 501-505.

PAGE. Farrow, N.A., Muhandiram, R., Singer, A.U., Pascal, S.M., Kay, C.M., Gish, G.,
Shoelson, S.E., Pawson, T., Forman-Kay, J.D., and Kay, L.E. 1994. Back-
bone dynamics of a free and a phosphopeptide-complexed Src homology 2
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