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sonication and cleared by centrifugation for 6 h at 40,000g. The SH2 protein
was contained in the supernatant and was purified by affinity chromatography
on a phosphotyrosine-Sepharose column prepared by reacting two bed
volumes of 20 mM o-phospho-L-tyrosine with CNBr-activated Sepharose
beads in NaHCO, buffer at pH 8.3. Bound SH2 domain was eluted with the
addition of 20 mM free phosphotyrosine to the wash buffer (200 mM NaCl,
2 mM DTT, 50 mM Tris, pH 7.4); gel filtration on a Superose-12 FPLC column
in storage buffer (200 mM NaCl, 2 mM DTT, 20 mM BES, pH 7.0) removed
phosphotyrosine and a high-molecular-weight contaminant from the affinity
eluent. Crystallization and data collection: For crystallization, SH2 protein in
storage buffer was concentrated to 50 mg ml~ in a Centricon-10 concentra-
tion device (Amicon) and combined with an equimolar amount of the phos-
photyrosyl peptide EPQPYEEIPIYL (10 mg mi™* in 40 mM BES, pH 7.0), which
was synthesized and purified as described®. Crystals were grown using the
hanging drop/vapour diffusion method by combining 2 .l protein/peptide
solution with 2 ul of a well solution containing 25-35% PEG 2,000, 4,000
or 8,000, 50 mM MgCl, and 100 mM sodium acetate, pH 4.6. Clusters of
long, thin rod-shaped crystals of orthorhombic space group P2,2,2 (a=
61.31, b=57.31, ¢ =31.18) grew overnight at 22 °C to maximum dimensions
of 0.1 X0.03 x1.0 mm. Essentially complete data were collected from two
crystals to 2.2 and 1.8 A resolution using a MAR Research image plate
scanner mounted on an Elliot GX-13 rotating anode generator equipped with
double focusing mirror optics. Images were processed with the image plate
version of the MOSFLM package3?. 47,097 fully recorded observations of
9,956 unique reflections were scaled and merged with CCP4 programs3,
yielding a merging R-factor of 8.4% on intensities for all data to 1.8 A.
Merged data were 99% complete to 2.2 A and 85% complete between 2.2
and 1.8 A. The mean //o(/) was greater than 2 in the highest resolution
shell. Structure determination: Structure factor phases were determined by

molecular replacement>® using the Src SH2/peptide A structure of Waskman
et al. as a search model*8. Solvent molecules and the phosphopeptide were
omitted from the model. Refined atomic temperature factors were retained.
Rotation and translation functions and Patterson-correlation (PC)
refinement>® were carried out using X-plor>®. A cross-rotation function using
8-20 A vectors and data to 3.5 A resolution yielded a 9o peak. The PC-
refined rotation solution was used in a translation search, which yielded an
unambiguous 120 peak. Inspection of a packing model and of an electron
density map, calculated after rigid body refinement, revealed density for the
phosphopeptide that had not been included in the model. The model was
rebuilt to reflect the amino-acid sequence of the Lck SH2 domain and refined
by repeated cycles of manual rebuilding using the program O (ref. 37) and
simulated- annealing and positional refinement using X-plor®. The entire
phosphopeptide was excluded from the model until after the first cycle of
simulated annealing and positional refinement; at this stage the 11-residue
peptide was readily built into a 2.2 A electron density map. Simulated-
annealing omit maps®® were used to rebuild several segments of the
polypeptide chain, including the N terminus, and the CD and DE turns, where
the Lck backbone diverges from Src. The model contains 104 residues
(123-226 of intact Lck), the 11 residues of the phosphopeptide and 65
water molecules. The first five residues of the SH2 construct are not visible
in the electron density, and E123, the first residue for which main-chain
density is visible, is modelled as an alanine. After restrained individual
temperature factor refinement, R, =22% for 20 datato 1.8 A resolution.
The corresponding ‘free’ R value38, calculated using 10% of the diffraction
data (selected randomly from eight resolution bins) that had been excluded
from all previous refinement calculation, was 31%. The model has reasonable
stereochemistry (r.m.s. bonds 0.021 A, angle 3.7°). It superimposes on the
Src SH2 structure® with an r.m.s. deviation for Ca positions of 1.12 A.

sequences containing pYMXM or pYVXM (refs 3-7). That is,
it appears to have strong specificity for pY +3 and additional
selectivity for pY + 1. Residue BD5 may be particularly central
for peptide recognition (Fig. 1a). The tyrosine in Lck contacts
the side chains of pY+1 and pY +3; it constrains the BG loop
conformation by accepting a hydrogen bond from the main-
chain amide of residue BGS; and it is a ligand of the water that
bridges to carbonyl pY +2. A tyrosine is present at SDS5 in all
members of the Src family, as well as in Abl, Arg, Csk, ZAP70
(C-terminal) and Syk'** %, All these proteins have similar
sequences in their BG loops (a characteristic Asp-Gly-Leu at
BG 2-4) and Ile or Val at BE4 (Fig. 2). We therefore expect
that they will have similar pY + 3 pockets and a strong preference
for hydrophobic side chains of about the same size. Where
alignments are clear for other families with more divergent
sequences (Fig. 2), the characteristics of the pocket also appear
to favour hydrophobic residues at pY +3.

It is clear that a more complete understanding of comparative
specificities will require additional structures. An NMR study
of the unliganded Lck SH2 domain is in progress (J. Lee,
personal communication), and a structure for the Src SH2
domain in complex with the same phosphopeptide used here
has been determined at lower resolution®”. O

Received 10 February; accepted 16 February 1993.

1. Koch, A, Anderson, D., Moran, M. £, Eflis, C. & Pawson, T. Science 262, 668-674 (1991).

2. Pawson, T. & Gish, G. D. Cell 71, 359-362 (1992).

. Cantley, L. C. et al. Cell 64, 281-302 (1991).

Fantl, W. J. et al. Cell 69, 413-423 (1992).

Kazlauskas, A. & Cooper, J. A. Celi 58, 1121-1133 (1989).

Coughlin, S. R., Escobedo, J. A. & Williams, L. T. Science 243, 1191-1194 (1989).

. Kashishian, A., Kaslauskas, A. & Cooper, J. A. EMBO J. 11, 1373-1382 (1992).

Felder, S. et al. Molec. cell. Biol. (in the press).

. Piccione, E. et al. Biochemistry (in the press).

. Escobedo, J. A., Kaplan, D. R, Kavanaugh, W. M., Turck, C. W. & Williams, L. T. Molec. cell. Biol.
11, 1125-1132 (1991).

. Auger, K. R, Carpenter, C. L, Shoelson, S. E., Piwnica-Worms, H. & Cantley, L. C. J. biol. Chem.
267, 5408 (1992).

12, Backer, J. M, et al. EMBO J 11, 3469-3479 (1992).

13. Marth, J. D. et al. Cell 43, 393-404 (1985).

14. Perimutter, R. M. et al. J Cell Biochem. 38, 117-126 (1988).

15. Sefton, B. M. Oncogene 6, 683-686 (1991).

16. Songyang, 2. et al. Cell (in the press).

NATURE - VOL 362 - 4 MARCH 1993

SCom~NoOEW

[

-
-

17. Payne, G., Shoelson, S. E., Gish, G., Pawson, T. & Walsh, C. T. Proc. natn. Acad. Sci. US.A. (in the
press).

18. Waksman, G. et al. Nature 358, 646-653 (1992).

19. Overduin, M., Mayer, B. 1, Rios, C. B., Baltimore, D. & Cowburn, D. Ce/f T0, 697-704 (1992).

20. Booker, G. W. et al. Nature 358, 684-687 (1992).

21. Russell, R. B., Breed, J. & Barton, G. J. FEBS Lett. 304, 15-20 (1992).

22. Williams, K. P. & Shoelson, S. E. J biol. Chem. (in the press).

23. Janin, J. & Chothia, C. J biol. Chem. 265, 16027-16030 (1990).

24. Madden, D. R., Gorga, J. C., Strominger, J. L. & Wiley, D. C. Ce// 70, 1035-1048 (1992).

25. Perego, R, Ron, D. & Kruh, G. D. Oncogene 6, 1899-1902 (1991).

26. Okada,M.,Nada, S., Yamanishi, Y., Yamamoto, T. & Nakagawa, H. /. Biol. Chem. 266, 24249 (1991).

27. Chan, A. C., Iwashima, M., Turck, C. W. & Weiss, A. Cell 71, 649-662 (1992).

28. Taniguchi, T. et al. J. biol. Chem. 266, 15790-15796 (1991).

29. Waksman, G. et al. Cell (in the press).

30. Mayer, B. J., Jackson, P. K., Van Etten, R. A. & Baltimore, D. Molec. cell. Biol. 12, 609-618 (1992).

31. Studier, F. W., Rosenberg, A. H., Dunn, J. J. & Dubendorff, F. W. Meth Enzym. 185, 60-89 (1990).

32. Leslie, A. G. W. MOSFLM: A Program Package for Processing Rotation Data Collected on Film or
Image Piates (MRC Laboratory of Molecular Biology, Cambridge, UK, 1992).

33. Fox, G. C. & Holmes, K. C. Acta crystallogr. A34, 886-831 (1966).

34. Rossmann, M. G. The Molecular Replacement Method: A Collection of Papers on the Use of
Non-crystallographic Symmetry {Gordon and Breach, New York, 1972).

35. Brunger, A. T. Acta crystaliogr. A46, 46-57 (1990).

36. Briinger, A. T. X-PLOR, Version 3.0: A System for Crystallography and NMR (Yale Univ., CT, 1992).

37. Jones, T. A, Zou, ). Y., Cowan, S. W. & Kjeldgaard, M. Acta crystallogr. A47, 110-119 (1991).

38. Bringer, A. T. Nature 355, 472-475 (1992).

39. Lee, B. K. & Richards, F. M. / molec. Biol. 55, 379-400 (1971).

ACKNOWLEDGEMENTS. We thank G. Payne, C. Walsh, J. Lee, L. Cantley, J. Kuriyan and P. Jackson for
discussion; J. Kuriyan for atomic coordinates; and S. Atwell and M. Babyonyshev for technical
assistance.

ERRATUM

The earliest Acheulean from
Konso-Gardula

Berhane Asfaw, Yonas Beyene, Gen Suwa,
Robert C. Walker, Tim D. White, Giday WoldeGabriel
& Tesfaye Yemane

Nature 360, 732-735 (1992)

THE cat specimen featured on the cover of the issue of 24/31
December 1992, originally referred to Homotherium as detailed
in the cover caption, was changed to Dinofelis sp. aff. piveteaui
while the paper was in press. The cover shows the cranium listed
as Dinofelis in Table 2 of this letter.
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