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ABSTRACT. The interactions of the N-terminal src homology (SH2) domain (N-SH2) of the 85 kDa subunit

of phosphatidylinositol 3kinase (PI-3K) with phosphotyrosine (ptyr) and a series of ptyr-containing peptides
have been examined by NMR spectroscopy. HSQC (heteronuclear single-quantum coherence) NMR spectra
of 15N-labeled SH2 were used to evaluate its interactions with ptyr-containing ligands. The ability of
ligands to cause chemical shift changes was compared to their potency as compeiiteisanbinding
experiments using polyoma virus middle T antigen (MT). The results suggest the interdependence of
SH2 binding elements. Chemical shifts of residues involved in the ptyr binding were altered by variations
of the sequence of the bound peptide, suggesting that the ptyr fit can be adjusted by the peptide sequence.
Perturbations of chemical shifts of residues coordinating the methionine three residues C-terminal to the
ptyr (the +3 residue) were affected by substitution in the binding peptidélaiand vice versa. Such

results show synergistic interplay between regions of the SH2 binding residues C-terminal to the ptyr.

Src homology 2 (SH2)domains are protein modules This work focuses on PI'&inase, a key enzyme in signal
through which tyrosine phosphorylation regulates cellular transduction pathways. Pl-Binase associates with almost
processes (Cohen et al., 1995; Marengere & Pawson, 1994all activated tyrosine kinases (Cantley et al., 1991). Its
Schaffhausen, 1995; Schlessinger, 1994). SH2s respond tdmportance has been demonstrated in systems of both hormal
tyrosine phosphorylation by binding the tyrosine-phospho- and oncogenic growth regulation. Pl-KBnase is, for
rylated sequences. These elements, containing approximatelgxample, a downstream mediator of the mitogenic signal of
100 amino acids, have now been found in more than 100the PDGF receptor (PDGFr) (Fantl et al., 1992; Valius et
proteins. Biochemical, genetic, and structural approachesal., 1993). Our interest arose through its interactions with
have been used to examine the basis for their specificity. polyoma virus middle T antigen. Polyoma virus transforms
Consensus sequences have been observed in proteins thatllsin vitro and induces a broad range of tumors in mice.
bind particular SH2s (Cantley et al., 1991I) vitro peptide Both in vitro transformation (Carmichael et al., 1984) and
selections by isolated SH2s have been used to comparén vivo tumor induction (Freund et al., 1992) are drastically
preferred binding sequences (Songyang et al., 1993, 1994)affected when middle T is mutated to abolish PkBase
Such studies demonstrate that residues C-terminal to the ptybinding.
are important for binding. Both X-ray diffraction and NMR Most forms of PI 3kinase are heterodimers consisting
have been used to establish the structure of particularSH2 of a catalytic 110 kDa subunit and an 85 kDa regulatory
tyrosine phosphopeptide complexes (Eck et al., 1993; Hatadasybunit (Carpenter et al., 1990). The association of the p85
et al., 1995; Lee et a.l., 1994; Overduin et al., 1992; Pascal subunit with middle T was shown to depend upon tyrosine
etal.,, 1994; Waksman et al., 1993; Xu et al., 1995; Zhou et phosphorylation of middle T at residue 315 and to result in
al., 1995; Nolte et al., 1996). The structure of the SH2 can translocation of the enzyme from cytosolic to membrane
be described as a central antiparafiesheet flanked by  fractions (Cohen et al., 1990a,b). Cloning of the p85 subunit
smallers-sheets and twa-helices (Figure 1A). The peptide  showed the presence of two SH2 domains. Either of the
binding function of the SH2 has been described as a prongtwo SH2 domains of the p85 subunit will bind the sequence
and socket (Waksman et al., 1993). around the tyrosine phosphorylation site at residue 315 of

middle T (Yoakim et al., 1992). A similar situation is
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PDGF receptor; PI-3K, phosphatidylinositol-l@nase; MT, middle _—
tumor antigen; GST, glutathiongtransferase; pY, ptyr, phosphoty- P85 N-SH2 (p85N) has a preference for binding pY[MVIE]-

rosine; Ac-pY-NH, acetylphosphotyrosine amide; SDS, sodium dodecyl XM sequences (Songyang et al., 1993). This is consistent
sulfate; 2D and 3D, two and three dimensional; INEPT, insensitive with the pYMPM sequence found in middle T or the

nuclei enhanced by polarization transfer; HMQC, heteronuclear mul- pYVPM/pYMDM sequences of the PDGF receptor. In SH2
tiquantum coherence; HSQC, heteronuclear single-quantum coherence )

NOESY, nuclear Overhauser effect spectroscopy; TOCSY, total cor- domain structures such as src and p@5.2 (p85N: R340)
relation spectroscopy; TPPI, time-proportional phase incrementation. and SB5 (p85N: R358) are involved in coordinating the
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phosphate of the ptyr. Mutation of R358 has confirmed its mM Tris-HCI, pH 7.5/150 mM NaCl and then with the same
importance (Yoakim et al., 1994). buffer with 1 mM CaCJ. Factor Xa (50Q«g) (Hematologic
The methionine at-3 C-terminal to the ptyr is coordinated ~ Technologies) was then used to cleave the SH2 overnight at
by a hydrophobic pocket including the EF loop. Consistent room temperature. The supernatant contained the SH2
with this, the mutation of EF3 residue P395 to S led to fusion. The SH2 was further purified by chromatography
reduced binding of middle T and an inability to select on Sephadex G50. A-3 mL sample containing 2625
peptides containing methionine at3 from degenerate Mg of protein was loaded on a 1000 mm25 mm column.
libraries (Yoakim et al., 1994). Elution at 1.5 mL/min was carried out with 0.1 mM KClI,
The goal of this study was to map the interactions of a PH 6.8/0.02% sodium azide. Fractions—@ mL) were
series of phosphorylated peptides with the N-SH2 of p85. momtored at 280 nm. Purified SH2 was soluble at concen-
For this purpose, the backbone of the SH2 was assigned usingfrat'ons of several millimolar and stable for long periods (at
15\-labeled SH2. Changes of chemical shifts in HSQC €ast 10 weeks) at 3%C and pH 6.5-7.0. No buffer was
spectra caused by peptide binding were correlated to added to the NMR sample to av0|d_unpred|cfcable interactions.
alterations in the sequence of the bound peptiéi¢.and The pH was adjusted by careful titration with 0.25 M HCI/
15\ chemical shift changes observed in HSQC spectra areNaOH. . _ .
caused by interactions or rearrangements that alter the Phosphotyrosine and Phosphotyrosine-Containing Pep-
magnetic environment of backbone atoms. Such chemicaltides Phosphotyrosine (pY) was obtained from Sigma;
shift changes have frequently been used to map ligandacetylphosphotyrosine amide (Ac-pY-MHvas the kind gift
interactions to particular sites on proteins (Chen et al., 1992; of Sheldon Ratnofsky of BASF Bioresearch Corp. pYM-
Spitzfaden et al., 1992; Coombs et al., 1996; Otting, 1993). NH and different peptides were synthesized by the Tufts
Our results support the previously established importance Protein Chemistry Facility. Peptides were purified on a
of the ptyr binding pocket and the hydrophobic binding site Waters LC4000 HPLC using a Vydac C18 column with
for the+3 position of the peptide. They also indicate strong water/acetonitrile/0.1% TFA solvent. Peptides were used

mutual interdependence of the binding elements of the SH2.from the middle T sequence around the tyrosine phospho-
rylation site at residue 315, EEEMPME-NH,, EEEpYz:5

MATERIALS AND METHODS MPME-NH;,, EEEpYs1sMPMEDLYLDIL-NH ,, EEEpYs;s
GPME-NH,, EEEpYsi;MGME-NH,, EEEpYs;MPGE-NH,
Clones and VirusesA pGEX 3X—glutathioneStrans- EEEY3::APME-NH,, and EEEp¥:sMPAE-NH,, or SVD-
ferase-N-SH2 construct (amino acids 32#34) was used pYVPML-NH, from the 751 phosphorylation site of the
to produce SH2 for NMR analysis (Yoakim et al., 1992). ppGF receptor.
Middle T antigen (MT) and pp60° expressing baculovi- Binding Assays with Middle TMiddle T used in the
ruses were propagated on Sf9 cells in Grace’s medium (10%pjnding experiments was labeled wifRR]PQ; as described
fetal bovine serum) (Cohen et al., 1990a,b). Typically, previously (Yoakim et al., 1994). Sf9 cells coinfected with
infected cells were used 40 h postinfection. Middle T was mjiddle T and src baculoviruses were extracted with an NP40-
immunoprecipitated using rabbit peptide antiserum against containing buffer [0.137 M NaCl, 0.01 M Tris-HCI (pH 9.0),
middle T residues 280302. 0.001 M MgCh, 0.001 M CaCJ, 10% (v/v) glycerol, 1%
Preparation of p85 N-SH2 **N-Labeled SH2 has been (v/v) Nonidet P-40]. The extracts were incubated with
prepared using either rich medium (Celtone U, Martek) or protein A—Sepharose beads and MT polyclonal antibody for
minimal medium prepared wittNH,CI (Cambridge Isotope 1 h onice. Washed immunoprecipitates were incubated for
Laboratories). The resulting proteins gave identical NMR 15 min at room temperature in 20 mM Tris-HCI (pH 7.5)/5
spectra, although minimal medium yielded slightly betesr mM MnCl, with [y-32P]ATP (2000 Ci/mmol, NEN). After
incorporation £90%). For growth on minimal medium, a  the reactions were washed with PBS, 0.5 M LiCl, and water,
500 mL culture ofEscherichia coli(JM109) was grown  beads were boiled for 2 min in a solubilization buffer
overnight in Luria-Bertani broth. Cells were pelleted and containing 0.4% sodium dodecyl! sulfate, 50 mM triethan-
grown in 2000 mL of minimal medium containing 1 g/L  olamine (pH 7.4), 100 mM NaCl, and 2 mM 2-mercapto-
*NH,CI until the OD at 600 nm was equal to or above 1.0. ethanol. After boiling, the samples were spun out, the
Isopropyl B-p-thiogalactoside was added to 10/ and supernatant was collected, and iodoacetamide was added to
incubation carried out-68 h at 30°C. Cells were collected  a final concentration of 10 mM. Finally, one-fourth volume
at 400@ for 5 min. The Celtone U medium was reused for of 10% Triton X-100 was added, and MT was reimmuno-
a second cycle of growth to maximize protein yield with precipitated from these supernatants with proteirS&pharose
the enriched medium. Pooled cell pellets were divided into and MT antibody for 1 h on ice. The reactions were washed
eight tubes, and 20 mL of PBSwas added to each. again and the dry beads frozen. MT was boiled in solubi-
Sonication was then performed in a Branson sonifier for 1 lization buffer as described above as needed.
min intervals until most cells were disrupted. A 10% volume  For competition experiments, p85 N-SH2 fusion proteins
of 10% Triton X-100 was then added. After centrifugation on glutathione beads were incubated with different competi-
at 1000@, pooled supernatants were then incubated with tors for 10 min at 4°C. 32P-Labeled middle T was then
glutathione agarose beads (Sigma) for 30 min at room added, and the reaction was allowed to continue for 1 h on
temperature. The beads were washed three times withice. After incubation, the beads were washed once with PBS,
phosphate-buffered saline (PBS). The cell pellet and su-twice with 0.5 M LiCl, and one last time with PBS. The
pernatant were checked by gel electrophoresis and reextracte@uffers of the last two washes contained 1@@mL bovine
or treated with more glutathione beads if necessary. Ap- serum albumin which prevented the beads from sticking to
proximately 120 mg of fusion protein was obtained. the tubes. The samples were then boiled in SDS sample
Factor Xa was used to cleave the SH2 from the fusion buffer and run on 7.5% SDSPAGE. The gels were stained
protein. The glutathione beads were washed first with 50 with Coomassie Brilliant Blue and then dried. The middle
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T bound was analyzed using a Molecular Dynamics Phos-
phorimager.

NMR Analysis. NMR data were acquired on a Bruker
AMX500 NMR spectrometer employing a 5 mm triple
resonance inverse probe. The water signal was suppressed
using either a 1.8 ms Messerle pulse (Messerle et al., 1989)
for all 2D and 3D HSQC experiments or a soft-pulse
presaturation during recycle delays (Campbell et al., 1974)
for 3D NOESY- and TOCSY-HMQC experiments [13(2)
= 4.6 ms]. Pure absorption mode phase-sensitive spectra
were obtained using the mixed mode Stat€®PI method
(Marion & Wiithrich, 1983). The proton sweep width was
7575 Hz. A nitrogen sweep width of 1700 Hz was chosen

to avoid chemical shift degeneracy caused by the folding of g 321 330 340 350 360
the arginine side chain‘ipeaks. Frequency offsets GHij | | | | l
and O2fN) were 9130 and 4515 Hz, respectively. Ad- GMNNNMSLQDAEBmAiglisREEﬁEKLRDT:;;G*TFLIXBRDA
ditional spectra with a nitrogen sweep width of 5000 Hz

allowed the detection of unfolded Arg<Rignals. Assign- 370 380 390

ments were obtained primarily from 31—15N NOESY- STKMHGDYTLluTLRKGGNNKSIIKIFHRDGKJIGFSDP&N
HMQC or HSQC andH—5N TOCSY-HMQC (Marion et BC Bc cD PD  PD'DE BE EF PF

al., 1989) spectra of 2 mM free and EEEpYMPME-NH

400 410 420 430

complexed SH2. | [ | I
Initially HSQC spectra of the free SH2 and the EE- SVVELINHYRNESLAQYNPKLDVKLLYPVSKYQQD

EpYMPME-NH, complex were recorded at 308.8, 303.8, 0B BG P

298.8, and 293.8 K. The data reported here were from Ficure 1: (A) Richardson diagram of p85 N-SH2, revised from
spectra recorded at 308.8 K. Spectra recorded at differentdata of Booker et al. (1992). SH2s have a central antipafabéleet

; ; flanked by twoa-helices. Peptides bind orthogonal to the central
temperatures showed no substantial differences. The pH Ofsheet with the phosphotyrosine to the right. The designation of

the NMR samples was adjusted to 680(1) by addition of  gctural elements follows the description of Eck et al. (1993).
0.25 M sodium hydroxide or hydrochloric acid to the protein (B) Sequence of the p85 N-SH2 construct. The SH2 sequence is
and to the peptide solution and was monitored before andshown in boldface.

after recording each spectrum. No pH changes were
observed for free and inhibited SH2s over long periods of 1 2 3 4 5 6 7 8
time.

HSQC or double-refocused INEPT spectra (Bax et al, IMT ﬁh—-‘-

1990) were used to probe proteipeptide interactions. . iy .
; : . FiGUrRE 2: MT binding and example of competitior#2P]Tyrosine-
Concentrations of the SH2s used for peptide titrations were phosphorylated middle T was incubated with GS385 N-SH2 in

as low as 0.3 mM. Peptide titrations were m_onitored_by the presence of decreasing concentrations of EEEpYMPME-NH
'H-1N HSQC spectra of the SH2 complex until saturation (1—6) or alone (78) as described in Materials and Methods. After
was reached. washing and SDSPAGE, bound middle T was visualized by the

. : Molecular Dynamics Phosphorimager. Lanes: 1 and 2, 4R15
FELIX2.3 (Biosym Technologies) was used for data EEEpYMPME-NH; 3 and 4, 4.24M EEEpYMPME-NH; 5 and

processing. Typical window functions were a Gaussian g, 1.4,M EEEpYMPME-NH; 7 and 8, no peptide addition.
Lorentzian multiplication (Lorentzian broadenirg —8,
Gaussian broadening ranging from 0.05 to 0.1) for the phosphorylation site at residue 315. In competition assay,
recorded dimension and a cubic sinebell shifted b¥ fod this peptide reduced middle T binding to the N-SH2 with
the incremented dimension. Linear prediction was employed an |G, of 8.4 uM. Since the N-SH2 of p85 is known to
for the*N dimension in 3D and in some 2D HSQC spectra. pind middle T at residue 315 (Cohen et al., 1990a,b; Yoakim
Proton chemical shifts were referenced to the agueous solvengy g, 1992), this observation was expected. Ac-pYzNH
peak at 4.772 ppm at 25C employing a temperature  pyM-NH, and a series of peptide variants derived from
coefficient of 0.0115/1°C as described by Wishart et al. piddle T around the phosphorylation site at 315 (EE-
(1995). N chemical shifts were determined relative to the EpYMPME-NH;) were compared for their ability to block
*H reference based on previous referencing to;Nfem- middle T binding in the same competition assay. Table 1
perature dependency &N chemical shifts was neglected. shows the IGs determined. A simple phosphotyrosine
RESULTS derivative (Ac-pY-NH) gave an I1G, of 4.3 mM. IG5 values
for the peptides ranged between 4.8 mM for the unphos-

Peptide Affinities. The p85 N-SH2 (residues 32%34) phorylated MT peptide and 6.4M for EEEpYMPMED-
was expressed as a GST fusion protein using a pGEX-3X LYLDIL-NH . In the peptide series, the absence of phos-
construct. Figure 1B shows the sequence of the SH2 usingphate on Y315 increased the sfCto above 1.5 mM.
the nomenclature suggested by Eck et al. (1993). As Residues N-terminal to the ptyr or C-terminal to the
expected (Yoakim et al., 1992), this SH2 fusion boutig]f residue were not critical, contributing only a little to overall
tyrosine-phosphorylated middle T in anzitro binding assay  affinity. As expected from usual models of SH2 behavior,
(Figure 2). The binding of?P middle T was blocked by the+2 position also contributed little. However, substitution
addition of a tyrosine-phosphorylated peptide (EEEpYMPME- of +1 or +3 with glycine increased the kgabove milli-
NH2) matching the sequence of the middle T tyrosine molar. Substitution of alanine atl and+3 also reduced
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Table 1: Comparison of Abilities To Block Middle T Binding to Dssg ©
p85 N-SH2 E3320 g
R358 D359
compound 1Go (M) B L -
acetylphosphotyrosine amide 4300 72 i . §
pY 21000 1B o} &7 G L0 @am ~
Ac-pYM-NH. 7600 1381 3@ o7 "™ E
EEEY31sMPME-NH; 4800 F g S
EEEpYs: MPME-NH, 8.4 S LT 2
EEEpPYs:sMPMEDLYLDIL-NH , 6.1 &
EEEpPYz1sGPME-NH, 1250 0"
EEEpPYs1sMGME-NH, 8.1 T o
EEEpY3:sMPGE-NH; >1250 L370 o o
EEEpYaisAPME-NH, 33 10.0 90 _, 8.0 70
EEEpY31sMPAE-NH, 200 8(H) [ppm]
SVDpYVPML-NH, (PDGFr) 13.4 A
Dp5:
E33 % {
& 2035 D% /& v334
a8 e &% . % 348 \oo
% L Q
o @ = k7o | @
05100 1381 3 £
@s393 £38, g:
® 4 [0} o Fol gVSSS i
° ] ° e K430 Z
1897 g ~ < Z
™17 & [RAN E %=}
0" 415, © @Mom
@41%% °Q34;9 ° ‘ 1370 2
Y390 N37, 3! P
® 840;2‘2 4@ vﬂém;aos - 10.0 9.0 . X 70 -
_— 5-Somigo e S _ 8('H) [ppm]
y 02 — . . . .
o aww 050 é FiIGURE 4: HSQC titrations. (Top) A section of superimposet-
R OV g OO0 8 “@m o o 15N HSQC spectra of p85 N-SH2 titrated with Ac-pY-MHSix
I b e different steps are shown. Arrows indicate examples of chemical
i 19;3523";1“‘ &* S shift movement during the titration. (Bottom) Six steps in the
i mm“‘ G0014T3 ghaed - titration of p85 N-SH2 with EEEpYMPME-NK
2 /428 - -
WP e S ow where our SH2 had S (bovine vs rat SH2); their data were
et X% ¢ - recorded at pH 5.8 whereas we chose pH 6.8; they used 50
K382 " . .
w3 0 g 80 mM phosphate puffer, yvhlch affected several signals of
residues involved in peptide binding (S339, R340, E345,
our A360, G366, D367, Y368, 1383, and R386).
@t N-SH2 Interactions with N-Acetylphosphotyrosine Amide.
10.0 8.0 6.0 The major aim of this work was to compare binding of phos-
JO < p 1aing of pho
3('H) [ppm] photyrosine and a collection of phosphotyrosine-containing

peptides to the p85 N-SH2. Ac-pY-Nhivas used to probe
for residues of p85 N-SH2 which are involved in the ptyr
affinity, but the effect was less drastic than for the glycine interaction. Figure 4 (top) shows a section out of six
substitution. The competition experiments indicated that pY, superimposetH—'*N HSQC spectra representing successive
the +1 or +3 but not the+2 position, makes substantial stages of the ptyr titration. Titration was considered
contributions to the affinities. This is consistent with peptide complete when addition of Ac-pY-Nthad no effect on the
selection experiments (Songyang et al., 1993; Yoakim et al., spectra. By carrying out such titrations, it was usually a
1994). For comparison, the PDGFr sequence around thesimple matter to follow changes in positions of individual
tyrosine phosphorylation site at 751 was also tested and foundcross peaks. Table 2 of the Supporting Information s
to have a high affinity (IG of 13.4 uM). and!H chemical shift changes observed for all complexes.
Assignment of thtH—15N HSQC Spectrum of p85 N-SH2. Figure 5 depicts chemical shift changes in HSQC spectra
The GST-N-SH2 fusion protein was next prepared using as a function of position in the SH2 sequence. Panels a and
15N-containing medium. After cleavage of the fusion with ¢ report'H and**N chemical shift differences, respectively.
factor Xa, the SH2 domain was purified by chromatography. Deciding what represents significant chemical shift changes
An H—15N HSQC spectrum exhibited more than 130 cross is clearly a matter of judgment. For example, a study of
peaks representing peptide amides and some side chairthe bacterial phosphotransferase system by Wright's labora-
resonances (Figure 3). The structure of a free bovine p85tory (Chen et al., 1993) listed residues changingdl\H)
N-SH2 was previously determined by Campbell and co- >0.04 ppm oré(**N) >0.2 ppm as significant; analysis of
workers (Booker et al., 1992), who have also reported the cyclosporin A/cyclophilin complexes from Whrich’s labo-
assignments of the free and peptide-bound p85 N-SH2ratory (Spitzfaden et al., 1992) highlighted changes of 0.1
(Hensmann et al., 1994). Because some of our chemicalppm for *H and 0.5 ppm for>N. By the former criteria
shifts are different from the frequencies reported by Hens- more than 25% of the SH2 residues would be affected by
mann et al., the entire spectrum was assigdedna.o, ptyr binding. The latter would not, for example, score
primarily from *N-edited NOESY and TOCSY. Table 1 interactions of ptyr with either ArgaA2 or B5 as
of the Supporting Information lists the backbone assignments.significant. Since these interactions are well-known and have
Differences between our and their data may be attributed tobeen independently confirmed by X-ray and NMR data, such
a number of factors: Their p85 SH2 had L in position 380 a window is likely too discriminating. To make the regions

Ficure 3: HSQC spectrum of p85 N-SH2.
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Ficure 5: Effects of substitution on chemical shifts. Chemical shift differences between uncomplexed SH2 and either Ag-{aY-d&\H
e) or EEEpYMPGE-NH (b, d, f) are plotted as a function of position in the SH2. Differences intthdimension are shown in (a) and
(b); differences in thé®N are shown in (c) and (d). A linear combination of both dimensigd&N) + 5|6(*H)|) is shown in (e) and (f).
Chemical shift differences between EEBEPFME-NH, and EEEpYMPME-NH (g) or EEEpYMRGE-NH, and EEEpYMPME-NH (h).
Residues that are not observed are left blank.

in the sequence where chemical shifts have changed easieand >N chemical shift changes |&*H)| + [0(**N)|) is
to see, a linear combination of the absolute values oftthe  shown by residue in Figure 5e. The different weights for
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Ficure 6: Comparison of chemical shift changes. Ribbon diagrams of p85 N-SH2 complexed with (A) Ac-pYB)HYM-NH,, (C)
EEEpYMPME-NH, (D) EEEYMPME-NH,, (E) EEEpYGPME-NH,, (F) EEEpYAPME-NH,, (G) SVDpYVPML-NH, (PDGFr), (H)
EEEpYMPGE-NH,, and (I) EEEpYMRAE-NH,. The ribbon diagrams depict p85 N-SH2 oriented as in Figure 1 atat the right and

oB at the left. (A) shows chemical shift changes for the Ac-pY-N SH2 complex. Residues in (A) are colored blue if they experienced a
chemical shift change compared to the free SH2 whebé3)| + [6(*°N)| was at least 0.45 ppm. In (B) and (C) blue represents chemical
shift changes identical to those in the Ac-pY-Nebmplex, red depicts new chemical shift perturbations not observed in Ac-py -iid

cyan depicts altered chemical shift changes compared to the Ac-pyebiplex withd(*H) >0.05 andd(**N) >0.25. Green is used for
residues whose chemical shift is reverted to the position in free SH2. Color coding-fdy i©analogous to that for (B) and (C) using the
wild-type MT peptide-SH2 complex (C) as a standard.

IH and®®N reflect the different scales of their chemical shift charged side chains [e.g., Waksman et al. (1993) and Nolte
changes. We have considered chemical shift changes a®t al. (1996)]. S339 is affected together with its neighbor
significant where B(*H)| + |6(**N)| was greater than 0.45 R340. An additional series of chemical shift changes were
ppm. In this case, 20 out of 100 observable residues showobserved irfC residues 366368 and 371 as well as jfD
chemical shift changes when ptyr binds. For chemical shift residues 386386. Although the BC loop residues are not
changes between different complexes, we used a windowvisible, spectra for all complexes with the exception of the
slightly more stringent than that of Wright: 0.05 and 0.25 unphosphorylated EEEYMPME-Nhow an upfield proton
ppm for'H and >N, respectively. chemical shift of approximately 0.3 and 0.5 ppm for A360
The ribbon diagram of Figure 6A shows how binding of and D367, the residues that flank the BC loop. A possible
Ac-pY-NH; induced chemical shift changes in four regions €Xplanation for these changes would be an aromatic ring
of the SH2: aA, 8B, SC, andSD/BD'. Changes inaA current effect from the ptyr ring.
(residues S339, R340, V343, E345 and K346) an@Bn The observed changes defined a region affected by ptyr
(residues R358 and A360) were expected from X-ray and binding that extends fromxA and B to sequences i3iC
NMR structures of several SH2 domains, showing thaAR andgD in the centrajp-sheet. No changes are observed in
and RBB5 coordinate the ptyr phosphate with their positively the more C-terminal portion of the SH2 where peptide
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residues C-terminal to ptyr are thought to bind. Ptyr and upfield shift in both the MT and the pYM complex. BD
phenyl phosphate induced essentially the same HSQCthe!*N chemical shift change observed {23 (K379) was
changes as Ac-pY-Ninot shown). The identity of spectral  particularly dramatic. Sizable differences between both pY
changes with phenyl phosphate and Ac-pY-¢dggests that and pYM and between pYM and MT peptide complexes
the chemical shift changes in the cenifasheet caused by  suggested that it was affected by both the-pY side chain
Ac-pY-NH; binding arise from the ring and the phosphate, and interactions with theé-3 residue, which is in agreement
not from peptide backbone interactions (not shown). with previous X-ray data. A similar conclusion could be
More distant analogs of ptyr were assessed in the samereached for 1383 on the basis'&N chemical shift differences
way. Neither arsanilic acid nor boronic acid derivatives among SH2 complexes with pY, pYM, and the MT peptide.
induced chemical shift changes in the HSQC spectra at X-ray data (Nolte et al., 1996) showed a water bridge from
concentrations up to 5 mM (not shown). The nature of the the +3 amide to the peptide carbonyl of K382, which may
phosphotyrosine binding region is one of high specificity be reflected here by the effect on the NH of 1383.
where steric and electronic changes are not easily tolerated. A new set of alterations not observed in ptyr or pYM
N-SH2 Interactions with pYMpYM was chosen bothto  complexes extended away from the cenfiadheet toward
probe for possible H-bonds from the p¥ 1 and to begin oB. These involved changes BE, the EF loop, angF
to examine contacts outside the ptyr pocket. The ribbon and almost in all residues from the middle @B through
diagram summary of Figure 6B shows residues with changesBG. Such effects could have been anticipated from the
similar to those in the the Ac-pY complex (blue) as well as C-terminal extension of the peptide based on available SH2
some additional residues now showing chemical shift changesstructures and genetic analysis. The lack of almost all of
(red). The chemical shift of the residue shown in green these effects in the pYM complex proves their connection
(S380) reverted to a position similar to that of the uncom- to interactions originated by the extension of the peptide.
plexed SH2, while the residue in cyan (1383) was shifted The largest®N chemical shift change for MT peptide binding
differently from the Ac-pY-NH complex. (—3.4 ppm) was observed for Y416. The recent X-ray
An H-bond from the+1 amide nitrogen to thgsD4 structure (Nolte et al., 1996) shows that the side chain of
carbonyl has been reported in X-ray structures of different this residue rotates out of the p¥3 pocket upon peptide
SH2s (p85N, src. Ick, syp)Ab initio calculations predict  binding. In this case alterations ¢f v, andy; are probably
15N chemical shift changes of 0-2 ppm for a nitrogen  the main cause ofN chemical shift changes, because the
bound to a peptide carbonyl which receives a hydrogen bond'H chemical shift which is sensitive to polar interactions
(de Dios et al., 1993). Th€N signal of residugD5 (1381) remains unaffected. LardeN shifts are also observed across
following D4 was shifted compared to the uncomplexed oB and BG for residues Y408, N410, S412, A414, L420,
SH2 for all ptyr-containing ligands. However, the difference D421, and K423-L425. Interestingly, residues K419 (BG8)
between the pY<{1.24 ppm) and the pYM<1.48) complex and V422, affected when pYM bound, show much greater
is small so the existence of the H-bond could not be N downfield shifts upon binding of the MT peptide. Such
confirmed. residues appear to be responsive to beth and +3
pYM and high-affinity peptide binding induced a strong interactions. Previous data suggested the importance of the
change for thé®N chemical shift of3D3 (K379). The'>N EF loop in coordination of-3 (Yoakim et al., 1994). Not
signal of the neighboring residue S3&D@4) moves upfield only are S393 (EF1) and D394 shifted by peptide binding,
upon pYM and MT peptide binding but downfield on binding but the upfield shift on F392 suggests participation of this
N-Ac-pY-NH,. The!N signals of residues K419 and V422 residue in the coordination af3. In fact, X-ray data shows
in BG experience a downfield shift. This likely represents that the carbonyl of this residue is involved in a water bridge
contribution from the methionine side chain. between the p¥+3 NH and the peptide carbonyls of K382
Interactions with Peptides Dared from the Pl 3Kinase and D394 (Nolte et al., 1996).
Binding Site on Middle T.Figure 4 (bottom) shows a Unphosphorylated MT PeptideUnphosphorylated EE-
superposition of a section out of the HSQC spectra during EY MPME-NH, was titrated to saturation for comparison to
the titration of EEEpYMPME-NKH Figure 5b,d,f maps EEBEpYMPME-NH,. The chemical shift changes are listed
changes along the SH2 sequence, and Figure 6C summarizeis Table 2 of Supporting Information. Both biological and
them on the ribbon diagram by comparison to the Ac-pY- biochemical analyses indicate that this peptide binds poorly
NH, complex. The MT peptide induced changes in a to the SH2. Figure 6D displays the chemical shift changes
substantial number of additional resonances (marked in red)observed for EEEMPME-NH, compared to EEgY MPME-
not affected by pY. Binding the MT peptide affects all of NH,. For many residues (green) chemical shifts reverted to
the signals influenced by binding of pY and most of those those of the free SH2. However, the interaction caused
changed by pYM although in some cases chemical shift chemical shift changes both in the central sheet and in the
changes were different (shown in cyan; e.g., S339, E342,EF loop,aB and BG of the+3 pocket. Where chemical
E345, and K346 imtA as well as in the FLVR R358B5). shift changes were different (cyan), they were usually smaller
Changes in the centrgtsheet were usually larger than for than when the phosphorylated form of the peptide bound.
the pY complex Noticeable modifications were detected Chemical shift changes arourndA2 where the phosphate
for D367, T369, L370, K379, S380, 1381, 1383, and R386. binds virtually disappeared; the chemical shift change for
D367 (3C1) lies deep in the ptyr pocket and flanks the the FLVR arginine§B5) was in the opposite direction (from
C-terminal side of the BC loop. The nitrogen of T369, two —0.51 ppm for EEEpYMPME to 0.27 ppm for EE-
residues downstream, was shifted in the MT complex but EYMPME). The chemical shift changes of residues sur-
not in the pY or pYM complexes. S38@DH4) and 1383 rounding the BC loop were different from those in the
(D7) are both involved in interactions on either side of the phosphorylated peptide. The remarkaleupfield shift for
centralB-strand. Theé5N chemical shift of S380 goes from  A360 and D367, the edges of the BC loop, disappeared. The
a modest downfield shift in the ptyr complex to a modest **N downfield shift for the signal of Y368 AC2) is
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transformed into an upfield shift. Many chemical shift signals of residues F392, D394, T397, and F398 of the EF
changes iBD were smaller. HowevefiD4 (S380) angdD6 loop region and N406, Y408, N410, and E41%iB. Other
(K382) which flank the aromatic ring showed largéN residues (cyan) iB and the BG loop showed modified
chemical shift changes. In the case of th8 pocket, the effects compared to those caused by MT wild type (R409 in
large chemical shift change for Y416, for example, was aB; Q415, Y416, L426-V422, L424, and L425). The large
substantially reduced. The sum of these observations sug-chemical shift change observed for Y416 was changed from
gests that the missing interaction with the ptyr phosphate a large'>N upfield to a modest downfield shift.

leads to a modified set of interactions, insufficient to achieve Significantly, a series of new or different chemical shift

high-affinity binding. , o changes compared to MT peptide binding were also observed
Other High-Affinity MT Peptides Examination of other i regions associated with pY ol coordination. These
peptides (EEEpPYMPMBLYLDIL -NH and EEEpYMSME- include changes i8C, such as T3683C2)—K374, in 5D

NH,) that compete well in the binding assay showed HSQC k379 (3D3)-F384, and in3D' K386. K382 and 1383 in
spectra very similar to that observed for the MT peptide BD were both affected by ptyr binding. The chemical shifts
EEEpYMPME (Table 2, Supporting Information). Withvery ¢ these peaks in EEEpYMPGE-NHiffer from both those
few exceptions the longer version of the middle T peptide i tne uncomplexed SH2 and those in the complex with
extending to middle T residue 326 showed the same EEEpYMPME-NH. Even the chemical shifts of the FLVR
influences on chemical shifts as the shorter one. One notable,ginine BB5) and the preceding valine were different from

exception was that of the EF loop residue S393. In the ya1 in the MT peptide complex. This strongly suggests
longer peptide this residue showed a dramatic chemical Sh'ﬂinterdependence of the p¥3 and the pY binding region.
change {H 0.55 ppm#N 2.34 ppm) but only a very modest
one in EEEpYMPME-NH (*H 0.018 ppm¥N 0.395 ppm).
This and changes in the neighboring residue D394 sugges ) .
that the extension of the peptide stretches across the EF loo EEEpYGPME-NFb) (Figure 6E.)' There were many dif-
region. Another noticeable difference was observed for '€ences from the wild-type peptide complex. This s in good

Y416 of BG for which the®N shift was even larger, although agreement With the IOSS. of high—affinity binding for thel

the other residues in the BG loop remain largely unaffected. glyu_ne—su_bstltutgd peptide. Given that the PDGF receptor
Additional changes were observedB (V357, A360) and peptlde_ with valine at-i-; .showed changes in the central
small changes in botAC andfD. Substituting G for Mat  SN€et, it was not surprising that EEEBPME-NH, also

+2 had little effect on the HSQC spectrum. This supports Showed changes there. The very striking result was that
the lack of importance of the-2 residue for high-affinity residues associated with binding at th8 position showed
binding. substantial chemical shift changes even though the peptide

PDGFr Peptide. The PDGFr sequence around 751 retained thet-3 methionine. The chemical shifts (shown in
(SVDpYVPML-NH,) binds to the SH2 with high affinity. green) of a substantial number of signals in the EF loop
In competition assays with middle T, this peptide gave an r€gion (F392-D394, T397, F398), imB (N406 and Y408
ICso of 8 uM. Figure 6G summarizes the chemical shift 412). and in BG (Q415, L426D421, and K423-Y426)
differences compared to the wild-type middle T peptide. Were all reverted to their position in the uncomplexed SH2.

Residues affected by extension of the MT peptide to include Other chemical shift changes (cyan) in BG were reduced
the +3 methionine were essentially the same here (blue), (A414, Y416, K419) or reverted (V422). The chemical shift

consistent with ther-3 methionine in the PDGFr sequence. change for Y416, previously attributed to a large rearrange-
In general, differences were smaller compared to those MeNt required to shape the p¥3 pocket, was also
observed for the low-affinity peptides with substitutions in Significantly reduced. Changes in K419 and V422 might
the +1 and+3 positions reported later in this work. From haye been expected because these r§3|dues showed altered
the end of AA through the first seven residuesod there shifts when pYM was used for comparison to pY. Changes
were minor differences. In the centyd¥sheet3D3 (K379) in the centraB-sheet were also observed. None of the effects
was significantly different from the wild-type middle T observed for MT peptide binding j#D remained unchanged.
peptide as were two residues in BG (K419, L420). These Significant differences were observed for i chemical
results are not surprising, because the signals of K379 angShifts of K379 (D3) and 1383 fD6). The effect on K382
K419 changed substantially between pY and pYM complexes (5D5) suggested a change in the nature of the interaction of
and were therefore attributed 1 interactions. It seems this residue; the change on thHéN chemical shift is

reasonable that the valine in p¥1 of PDGFr affects these ~ €liminated and the proton chemical shift is increased.
residues differently than the methionine of middle T. Altered chemical shift changes compared to the MT peptide

Effects of Substitution at1 or +3 Positions. The initial complex were also found throughdi( (D367, T369, L370,
goal was to assess side chain contributions by comparisor@nd L372). Considered together, these changes upon altering
to glycine-substituted peptideSH2 complexes. Figure 5g,h +1 included reS|du¢s that show strong changes when ptyr
depicts the differences in chemical shift changes when (€-9., fD6 K382) binds and residues that appear to be
glycine is substituted for methionine &tl or 43, respec- strongly |an.u.enced by the extension of the peptide to include
tively. the +3 position such as 13833D7) or D367 (C1).

As noted above (Table 1), substitution of G for M in pY In contrast to chemical shifts of residues such as K382,
+3 (EEEpYMRGE-NH,) caused a dramatic decrease in affected by both ptyr and the¢1 side chain, chemical shifts
affinity. As can be seen in Figure 6H, there were substantial from positions where the tyrosine phosphate interacts were
differences from the wild-type peptide complex. Many essentially unchanged. The effects on R348%) and on
residues (shown in green) that correlate with the coordinationthe SB5 FLVR arginine were rather similar to those of the
of the +3 methionine side chain revert to positions similar wild-type peptide, as were the chemical shifts throughout
to those of the uncomplexed form. These include the NMR oA and $B.

Intriguing chemical shift changes were observed when the
i1 methionine was changed to glycine in the MT peptide
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To obtain some sense of how much of the hydrophobic advances in quantum chemical calculations provide a better
side chain is needed in thel and+3 positions, peptides theoretical understanding of chemical shifts, includify
containing alanine were employed. For the peptide with the chemical shifts of backbone amides. De Dios has shown
-+1 position substituted with alanine (Figure 6F), many of that most!®N chemical shifts in proteins can be predicted
the differences seen between thd glycine-substituted by quantum chemical calculations employing H-bonds from
peptide and the MT peptide disappeared. Comparing Figurethe HN atoms, H-bonds to the carbonyl of the preceding
6E to Figure 6F, the overall impression is that alanine at the peptide, an@ andy; torsional angles as variable parameters
+1 position was sufficient to permit many of the chemical (de Dios et al., 1993). The largé8N chemical shift effects
shift changes seen with the wild-type peptide (blue) but that were reported to arise from hydrogen bonds involving the
glycine at+1 was not. For example, chemical shift changes HN (1—13 ppm) whereas shifts induced by hydrogen
from the second half o&B through Y416 in BG looked  bonding to the preceding peptide carbonyl do not exceed 2
like those of the wild-type peptide. Not surprisingly, ppm. Large effects 410 ppm) were also reported for
chemical shift changes for K419 were different to those of variations of¢p andy; torsion angles. In fact, in the absence
the wild-type peptide. K419 had previously been associated of strong direct H-bonds to the observed nitrogen, the largest
with interactions with thet-1 side chain. Where most effects contribution comes from the geometrical arrangement of the
in the EF region were reverted for thel glycine-substituted  amino acid. Several authors have determined chemical shift
peptide, they were maintained for the alanine-substituted surfaces depicting®N chemical shift as a function of and
version. Changes in the centgalsheet also looked more  y; (Gluska et al., 1989; Wishart et al., 1991), which yield
similar than those for the wild-type peptide although chemical better results if determined for individual amino acids (Le
shift changes were smaller. These results are in good& Oldfield, 1994).
agreement with the relatively high affinity of EEEpYMPME- A disadvantage of the approach is ambiguity about the
NH; in the MT competition assay. origin of the change that has occurred. Changes in torsion

Results for alanine substitution &3 were different than ~ angles, for example, are clearly structural. Changes of
for +1 alanine substitution. Figure 61 shows that th8 hydrogen bond strengths involving the NHs within the
Ala peptide complex had many differences from the wild- Protein can also be regarded as structural changes. Chemical
type peptide. Comparison of Figure 6H to Figure 61 shows shift positions and line shapes also could depend on affinities
considerable S|m||ar|ty between peptides with alanine or Or saturation, which would not represent structural Changes.
glycine at+1. Large chemical shift changes compared to The titrations of Figure 4 provide a simple example of this
the uncomplexed SH2 were observed in the cerftisiheet possibility. However, this seems unlikely because all of our
(L370—K374 in SC and K379-1383 in D) where the MT analysis is carried at peptide concentrations where no more
complex had either smaller or no changes. These includedchemical shift changes occur upon further peptide addition.
residues affected by bothl and ptyr b|nd|ng For residues Another pOSSIbI'Ity is that electrostatic effects contribute to
in aB and the first part of BG chemical shift changes were the chemical changes observed. If this were the case, then
much smaller than for the wild-type peptide complex or chemical shift alterations could simply reflect changes of
reverted to the position in uncomplexed SH2. Signals of the electrostatic environment independent of a structural
residues in the EF loop were also reverted to the position in change. It is difficult to know how important such effects
uncomplexed SH2, with the exception of S$393, for which might be. Clearly, the introduction of the phosphate, for
the 15N chemical shift was very different from that in both €xample, does not seem to have global effects on chemical
uncomplexed SH2 and the wild-type peptic®@H2 complex.  shifts across the SH2.

X-ray diffraction of the p85 N-SH2 appeared as this work
DISCUSSION was nearing completion. It allows valuable comparison.
There is substantial agreement between the two approaches,

The goal of this work was to monitor the interactions of providing reassurance about the value of the chemical shift
an SH2 domain with a Iarge collection of ptyr Iigands to ana|ysisl TheaA2 and ﬁBS arginines involved in ptyr
dissect some of the subtleties of SH2 behavior. NMR phosphate interactions and residw andﬂD6 involved
analysis of chemical shifts in HSQC spectra was selected asin supporting the ring showed effects using both methods.
the method of choice. Chemical shift changes have often Similarly, the associations of the-1 position with D3
been used to map proteiipeptide interactions (Spitzfaden (K379), BD5 (1381), and BG8 (K419) seen in the X-ray
et al, 1992; Chen et al.,, 1993; Combs et al., 1996). A analysis could all be observed from changes in spectra among
general advantage of chemical shift analysis is that one canpy, pYM, and the longer peptides. The added interaction
observe not only residues directly interacting but also those petween thet1 valine of PDGFr and BG9 (L420) could
that are perturbed secondary to the primary interaction. A a|so be confirmed by large chemical shift differences between
peptide titration of the SH2 using HSQC can be obtained the PDGFr and the MT peptide complexes. The very large
rapidly. With assignments available, the analysis of chemical rearrangement in BG5 (Y416) reported by Nolte and col-
shift changes is quite fast. Therefore, it is feasible to |eagues was reflected in the larg&t chemical shift change
compare a whole series of ligands with respect to their caused by binding MT peptide. In the X-ray structure Y416

binding properties. changes position from between L420 and F392 to between
Although quantitative dependence of amit®l or *H F398 and Y408. The NMR data show that F392 and F398
chemical shifts on molecular structure and protdigand as well as Y408 and L420 experience chemical shift changes.

interactions is complex, chemical shifts provide an advantage However, NMR chemical shift analysis gives results
of considerable sensitivity. Observations of a correlation somewhat different from those of X-ray diffraction in a
between secondary structure an#, H, and ¢ chemical number of areas. We observed only a very sniai
shifts led to increased interest in chemical shifts in proteins chemical shift effect for the H-bond from the M 1/V + 1
(Oldfield, 1995; Wishart et al., 1994, 1995). Recent backbone amides and the peptide carbonyl®4 (L/S380).
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Examination of the carbonyl chemical shift if¥C-labeled changes observed in the EF loop provide rationales for the
sample might be useful here. L413 (BG2) was reported to properties of existing mutants. For example, EF loop
be one of the residues involved in tHE interaction, but residues S393 (EF1), D394, and P395 are all known to affect
no sign of this interaction could be observed by looking at the binding properties of the SH2 and to be involved in
chemical shift changes. It is possible that such alterations selection at-3 (Yoakim et al., 1994). NMR data emphasize
occur without change of the magnetic environment of the the importance of EF loop interactions by the participation
amide. The short N-terminal amphipathic helix reported of two adjacent residues, $S393 and D394; proline 395 is not
before the conserved tryptophans was also not observed eveabserved in proton-detectéd —5N HSQC spectra. Further
though our construct contained even a few more residueschanges in EF and BG when a longer MT construct,
than that of Nolte and colleagues. This additional helix may EEEpYs:sMPMEDLYLDIL-NH ,, was used were in agree-
be induced by the crystallization conditions or by a difference ment with both X-ray results which mentioned S393 and

in sequence. _ _ _ _ Y416 as pY+4 contacts and the observation of a small
There is also a substantial collection of residues showing jncrease of affinity.

NMR changes that were not discussed after the X-ray
analysis. Many additional changes were seen in the region
where+3 is found, the EFfB, and BG loop areas. Some
of these certainly represent concerted rearrangements of sid
chains induced by the displacement of the BG loop. ; : . :
However, it seems unlikely that all of the changes result from th€ wild-type middle T peptide was used (Figure 6A vs 6C).
movement of BG. Additional changes were seen in the more Differences in the N-terminal end ofA (S339, R340, and
central part of the molecule, iaA, in AC (D367), and in E341) with the M'_I' and PDGFr pep_tldes as well as dlff_er-
D (1383 and residues C-terminal to it). Similarly, alterations €Nces between wild-type and substituted middle T peptides
in EF and BG for the longer MT construct EEEp¥ aroundsB5 (R3§8) also suggest chgnges in the arrangement
MPMEDLYLDIL-NH , compared to the shorter EEEp¥ of the ptyr and its coordl_natlng residues. A change on the
MPME-NH, were also in agreement with X-ray structures €dge of the BC loop residues (A3GiB6) attributed to the
which mentioned S393 and Y416 as p¥4 contacts. ptyr interaction was affected by residues C-terminal to the
However, by NMR we observe additional changes3@ ptyr in a manner varying even with the3 side chain. X-ray
(V357, A360) and small changes in bg8iC and/D. diffraction data also point to changes in orientation of the

What picture emerges from the NMR results? The prong Ptyr for the c-kit and PDGFr peptide complexes.
and socket model of SH2 function originally proposed from  The interactions involving the-1 and+3 sites are even
X-ray structures (Waksmann et al., 1993) describes major more interesting. Substitution of either methionité or
sites of proteir-peptide interaction: the phosphotyrosine methionine+3 with glycine raised the concentration of
binding site and a hydrophobic site which coordinates the peptide required in competition experiments above millimolar
residues C-terminal to the ptyr, particularly th& residue  (Table 1). Peptide fishing experiments have given rise to
but also thet1. The NMR data support the idea that high- the notion that the binding effects of thel position, the
affinity binding requires synergistic interplay of all contribut-  +3 position, and the phosphotyrosine are more or less
Ing Interactions. discrete (Songyang et al., 1993, 1994). Comparisons of pY,

Ptyr binding showed chemical shift changes on residues yy\, and the peptides clearly confirm that the residues
usuglly assomat_eq with phosphotyrosine binding. Both jhyolved in interactions with the p¥-3 position are generally
“active site” arginines ¢A2 R340 andfiBS R358) were  found in the EF looppB, and BG. What is surprising is
affected and so were residues _that are known (Nolte et al.,ihat the chemical shifts of these residues depend strongly
1996) to flank the benzene ringiD4 (S380) andfD6 on the rest of the peptide. Although one might have
(K382). DS (1381) was reported to provide some SUpPOrt jnagined that the role of the ptyr would have been restricted
for the tyrosine ring in src and Ick SH2 dom_alns, alth_ough to residues oftA and the central sheet, the unphosphorylated
X-ray s_trL_Jctures_of P85 N-SH2 rule out direct amino wild-type middle T peptide showed a very different pattern
aromatic mteracuon for pB5 N-SH2. of chemical shifts through the EF loomB, and BG.
thactoc?r]lgzrir::igln s%fifgson%zgﬁgg d%fez\[(ﬁﬁ?n;nggg)ﬂ ;gfgved Rer_noval of the_tyrosine gave a peptide (MPME) that showed
different. This suggests that the interactions on the central no interaction in the NMR. It is worth pointing out that

) o adding MPME plus phenyl phosphate did not cause shifts

B-sheet are apparently altered by thé methionine. It in the 43 region. suadesting that phvsical connection
should be emphasized that no participation of residues in'bn the gd » SUGYS 9 q bp y he si
EF, 5B, or the beginning of BG was observed for either pY etween pY and MPME s required between the sites.
or pYM. Changes in the peptide sequence at eithgror +3 had

The transition from pYM to a MT peptide (EEEpYMPME- dramatic effects in regions associated witf8. That
NH,) again caused moderate changes on the cefshket. substitutions att3 (Figure 6H,l) caused alterations in these
For example, the chemical shift of the FLVR arginjfie5  residues was certainly expected. Glycine and alariSe
is different. The behavior of K379 iD is particularly ~ substituted peptides gave very similar results. S393 in the
interesting. It was not affected in the pY complex. Com- EF loop appears involved in backbone interactions because
pared to uncomplexed SH2, K379 showed a modast it showed a substanti&iN shift in both glycine- or alanine-
chemical shift change in the pYM complex0.49 ppm) substituted peptides. Very unexpected were the large effects
and a large effect in the MT peptide complex1(.75 ppm). on the+3 region caused by substituting glycine for me-
MT peptide binding also caused a large number of changesthionine at+1 (Figure 6E). Most of the chemical shifts in
around the EF loop and in the BG loop which can be the region looked like those for uncomplexed SH2. More-
attributed to pY+3 interactions. Some of the chemical shift over, thet+1 substituted peptides gave very different results

Effects by extension of the ligand to include3 even
caused changes in the ptyr binding region beyond those seen
in the central sheet. Residuesod including those affected

y the phosphotyrosine were affected quite differently when
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for A versus G substitution. The alanine-substituted peptide chemical shifts will aid this type of analysis and permit more
looked very much like the wild type in EF4B, and BG guantitative conclusions in the future.
through 416. This suggests that the first methylene in the
+1 position is critical for forming the appropriate3 pocket. ~ ACKNOWLEDGMENT
It was the_refqre not surprising thgt Fhe _PDG_Fr pe_ptlde which  \we thank Jim Baleja for a critical reading of the
has a valine int-1 looked quite similar in this region to the manuscript.
wild-type middle T peptide.
The +1 position of the peptide makes a substantial SUPPORTING INFORMATION AVAILABLE

contribution to peptide interaction with the SH2 as seen from Tables showing (1H and N chemical shifts of p85

the binding data of Table 1. Comparisons between pY and N-SH2 at pH 6.9 and 308.3 K and (3 andsN chemical

PYM call attention to K419 and V422 of BG, residues toward g,z changes for 085 N-SH? at pH 6.9 and 308.3 K upon

meth%tser\rsnemgfs}fflg, ::3 \r/iszlguiieKrgiz:ilasnhdiftlszseggr.] d on binding of different compounds (7 pages). Ordering infor-
! ’ D mation is given on any current masthead page.
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