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Abstract

The sterile alpha motifSAM) is a protein interaction domain of around 70 amino acids present predominantly in the
N- and C-termini of more than 60 diverse proteins that participate in signal transduction and transcriptional repression.
SAM domains have been shown to homo- and hetero-oligomerize and to mediate specific protein—protein interactions.
A highly conserved subclass of SAM domains is present at the intracellular C-terminus of more than 40 Eph receptor
tyrosine kinases that are involved in the control of axonal pathfinding upon ephrin-induced oligomerization and
activation in the event of cell-cell contacts. These SAM domains appear to participate in downstream signaling events
via interactions with cytosolic proteins.

We determined the solution structure of the EphB2 receptor SAM domain and studied its association behavior. The
structure consists of five helices forming a compact structure without binding pockets or exposed conserved aromatic
residues. Concentration-dependent chemical shift changes of NMR signals reveal two distinct well-separated areas on
the domains’ surface sensitive to the formation of homotypic oligomers in solution. These findings are supported by
analytical ultracentrifugation studies. The conserved Tyr932, which was reported to be essential for the interaction with
SH2 domains after phosphorylation, is buried in the hydrophobic core of the structure.

The weak capability of the isolated EphB2 receptor SAM domain to form oligomers is supposed to be relevant in vivo
when the driving force of ligand binding induces receptor oligomerization. A formation of SAM tetramers is thought to
provide an appropriate contact area for the binding of a low-molecular-weight phosphotyrosine phosphatase and to
initiate further downstream responses.
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The sterile alpha motifSAM) domain is a novel protein module domain at the C-terminus of Eph-family receptor tyrosine kinases
of around 70 amino acids originally found in a set of developmen-was detected, suggesting an important role in cell-cell contacts
tal proteins, like Ste4 and Byr2, and polyhomeotic protéidsn-  and signaling processéSchultz et al., 1997 Furthermore, a tu-
ting, 1999. Later, its systematic appearance as a highly conservedor suppressor protein, p73, was found to differ from the homo-
logue p53 by an additional C-terminal SAM domaiBork &

Reprint requests to: Dr. Hartmut Oschkinat, Forschungsinstitut fur Mole Koonin, 1998. It was proposed that SAM domains may mediate
kulare Pharmakologie, Alfred-Kowalke-Str. 4, D-10315 Berlin-Friedrichs- _prOt_e'n_prOte_m contacts, yet the m0|¢CUIar mEChamsms employed
felde, Germany; e-mail: Oschkinat@fmp-berlin.de. in vivo are still unclear. Self-association of SAM domains may be

Abbreviations:DIPSI, decoupling in the presence of scalar interactions; considered, as suggested by data from yeast two-hybrid experi-
DQF-COSY, double quantum filtered correlation spectroscopy; Eph recepments on the yeast sex development proteins Ste4 and(Byr2
tor, a receptor named for its expression in an erythropoietin-producin%t al., 1996, and on proteins of the polyhomeotic familgyba &
human hepatocellular carcinoma cell line; HSQC, heteronuclear singl% . ’ ;i . .
quantum coherence; IPTG, isoprogie-thiogalactopyronoside; LMW- rock, 1998'_SAM'SH2 interactions may also b? relevant, since
PTP, low-molecular-weight phosphotyrosine phosphatase; NMR, nucleaphosphorylation of a tyrosine in the SAM domain of the EphB1

magnetic resonance; NOE, nuclear Overhauser effect; NOESY, NOE spe¢eceptor lead to the subsequent binding of GrlgSeein et al.,
troscopy; MEXICO, measurement of exchange rates in isotopically Iabeleq_ggal
compounds; PCR, polymerase chain reaction; PMSF, phenylmethylsulfo-
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trophoresis; RMSD, root-mean-square deviation; TOCSY, total correlatioflcOmmittee, 1997 are involved in contact-mediated axon guid-
spectroscopy. ance, axon fasciculation, vascular network assembly, capillary
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morphogenesis, and angiogenesis. They are activated upon oligd¥p16, which is nearly completely buried, and which is involved in
merization and binding of their extracellular ligands, the ephrinscontacts with Leul?, lle20, Phe29, Val40, and Met69. Its side
(Orioli & Klein, 1997), which may themselves act as receptors, chain NH is pointing toward the conserved Ser65. A number of
mediate bidirectional signaling in the event of cell-cell contactshydrophobic residues, namely lle39, Val45, Leu49, Leu55, and
(Holland et al., 1996; Briickner et al., 199Upon ligand-induced Leu63, are found exposed on the surface of the protein. However,
receptor dimerization, tyrosine phosphorylation at intracellular sitegshe surface seems to be rather hydrophilic. Most of the charged
on the receptor subunits occu®avis et al., 1994 However, a  residues are distributed evenly, except for Lys21, Lys60, and Lys61,
more complex behavior, involving differential functions of higher which are in close proximity to His58, at the beginning of the
order receptor oligomers, was also obser(&in et al., 1998 In helices 2 and 5. Interestingly, a number of hydrophilic residues on
particular, it was shown that only activated receptor tetramers aréhe surface show strong homology within 32 sequences of the Eph
able to bind a low-molecular-weight phosphotyrosine phosphataseeceptor family. The residues Thr12, Glul5, Lys21, Thr36, Asp38,
(LMW-PTP) and to initiate a hitherto different cellular attachment Glu46, Asp47, GIn59, Lys60, Lys61, Ser65, and Arg70 are con-
response than the dimeric form. The formation of oligomers haserved to more than 90%, when only A§Hu, Arg/Lys, or Thr/
also been discussed on the basis of two recent Eph receptor SABer substitutions are taken into consideration, except for Lys60, for
domain X-ray structuregStapleton et al., 1999; Thanos et al., which also Asn appears frequently.
1999, pointing out important N- and C-terminal interactions.
We have determined the structure of the SAM domain from theAnalysis of the topology
receptor tyrosine kinase EphB2 in solution. Studies of the hydro-
dynamic properties of the SAM domain and the concentrationA search through the Protein Data BaffkDB) database for ho-
dependence of chemical shifts identified by NMR give evidencemologous structures was performed using the topology analysis
for its ability to self-associate specifically as isolated domain inprograms SCOPMurzin et al., 199%5and DALI (Holm & Sander,
solution with low affinity. The results indicate a possible involve- 1993. The topology of the SAM domain was observed as a sub-
ment of SAM domains in receptor clustering. structure in three protein families, these comprising a set of pro-
teins involved in DNA recombination and repdiRuvA, 1cuk
(Rafferty et al., 1995 endo nuclease Ill, which is also involved in

Results DNA repair (2abk (Kuo et al., 1992, and DNA polymerases
(1bpd (Sawaya et al., 1994 The conserved structural elements
Structure determination deviated from our lowest energy structure by root-mean-square

) ) . deviation(RMSD) values(Ca) of 3.0, 2.7, and 3.1 A, respectively.
We determined the solution structure of the SAM domain from theIn two caseg1cuk and 2abk the interface with the other subunits

tyrosine kinase receptor EphB2. Two C-terminally differing dis of the respective proteins was formed by a hydrophobic surface

tagged constructs containing the EphB2 receptor SAM domainy e yp by helices 1 and 2. The hydrophobic residues that mediate
(Fig. 1, bottom were expressed and purified. Construct 1 con-yeqe contacts are indicated below the respective sequences in
sisted of a domain confined by sequence alignment; the Othel'figure 1. The DNA polymerasg (1bpd contains a SAM-like
contained the additional six remaining C-terminal residues of thesubstructure(lacking helix 4 as a modulgdomain that was at-
EphB2 receptor C-terminus. Attempts to express shorter constructSched to the rest of the protein by a linker peptide. There are,

were not successful. Both constructs were investigated by analyﬁowever, contacts between its C-terminal helix and a symmetry-
ical ultracentrifugation under the same conditions and their beha"r‘elated molecule. All these proteins were not detected in sequence
. . ) . 13 .

ior was identical. Construct 1 was uniformly labeled withi/13C profile searches of SAM, probably due to the presence of the

and _fo_rms a stable and folde_d domain in solution. HeteronUCIeaﬁydrophobic patches on the surface of the other proteins, and the
multidimensional NMR experimeni€lore & Gronenborn, 1991 inclusion of hydrophilic constraints at the same sites in the search

were performed and a complete assignment of proton, carbon, a ofile. The interactions observed in these proteins are examples

nitrogen resonances was obtained. Structures were calculated basrgppotential protein—protein contacts in which SAM domains might
on 1,291 distance constraints from two- and three-dimension%e involved

NOESY spectra.

Tyrosine phosphorylation

Description of the structure It has been reported for the EphB1 receptor SAM domain that the

The structure consists of four-helices and one short;@helix homologue of our Tyr25, i.e., Tyr929 in EphB1, becomes phos-
whose hydrophobic faces form the compact hydrophobic core ophorylated upon ephrin-dependent activati@tein et al., 1996

the protein(Fig. 2A,B) (Table 1. The domains’ surface is rela- The structure shows this tyrosine to be located in the interior of the
tively smooth, without pronounced gorges or binding pockets. Theprotein (Fig. 2A,B), involved in a hydrogen bond with His58.
helices are connected by well-defined loops that do not adopt &leither the signal of the Tyr25 nor the signal of the His58 exhib-
variety of conformation$Fig. 2A; Table 1. The N- and C-termini  ited chemical shift changes at different pH values. Phosphorylation
are close together in the structure, with Tyr7 and Asn74 definingof Tyr25 would require a structural change for this residue to
the domain boundaries. The hydrophobic core is made up by thbecome exposed on the surface. In this context, attempts to phos-
residues Vall3, Trpl6, Leul?, lle20, Met22, Tyr25, Phe29, Phe34phorylate our domain with src-kinase were not succe$&fuKul-
Val40, Met43, 1le48, Val51, Val53, His58, 1le62, 1le66, and Met69, lander & R. Klein, pers. commThe area around Tyr28yr932 in

in which the hydroxyl of Tyr25 and His58 are involved in a hy- EphB2 receptoris well ordered, hence the possibility of phos-
drogen bond covered by Leu%$ee Figs. 1, 2B, green residjies phorylation facilitated by an inherent flexibility of the structure
major role for the fold is probably played by the highly conservedcan be excluded.
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Fig. 1. Sequence alignment, including SAM domains within Eph receptiinst block), proteins from the polyhomeotic family

(second block the yeast sex development proteins Byr2 and $tieidd block), the p73 sequence, the three sequences of proteins
whose structures contain SAM-like substructures, i.e., the RuvA préteink), polymerase3 of rats (1bpd), and endonuclease IlI

(2abk, and of the constructs made for this investigation. The positions of the helices are indicated by rectangles above the first
sequence, and for sequences of the SAM-like substructures of the three proteins found by DALI. Green columns indicate internally
oriented hydrophobic residues. The residues YO825 in construct 1 and H965(H58 in construct Lthat are highly conserved in

Eph receptor SAM domains are highlighted in violet and cyan. Those residues that may support self-association of SAM domains of
the polyhomeotic family are indicated by a yellow background. Above the polyhomeotic sedfiest@ntry in block 3, the mutations

that abolish positive answers in two-hybrid experiments are shown. Residues that are solvent-exposed in the solution structure are
indicated with an ampersari&) on top of the figure. Below the last three sequences, residues indicated with # are involved in contacts
between the SAM-like substructure and the other sites of the respective protein. Below the alignment, protein association sites are
indicated by+ (area 1 and ~(area 2. The numbering on top of the alignment is valid for the EphB2 receptor; the numbering above

construct 1 is used in this paper.

served hydrophobic residues in positions 39, 47, 58, 59, and 60
(Fig. 1, construct 1, yellow columns in second blpckhe impor-
Studies employing the yeast two-hybrid system showed the abilitfance of positions 39 and 47 was demonstrated by the appropriate
of SAM domains to form homo- or heterologous oligoméssrr mutations(Kyba & Brock, 1998 (Fig. 1, above the polyhomeotic

et al., 1996; Kyba & Brock, 1998In particular, the proteins Ste4 sequence

and Byr2 show a tendency to associate that was assigned to inter- Since SAM—SAM interactions in Eph receptor systems would
actions of their SAM domainéBarr et al., 1998 In a study em-  be promoted by ephrin-induced oligomerization, the formation of
ploying isolated SAM domains of proteins from the polyhomeotic homo-oligomers by Eph receptor SAM domains is plausible. Its
family (ph) self-association was observed, and the domains of pholigomerization can also be postulated based on the observation
Scm, and RAE 28 showed heterologous interacti#lyba & Brock, that an LMW-PTP binds to the C-terminal SAM domain after
1998. These effects are probably mediated largely by interactiongetramer formation of the receptor systd®tein et al., 1998
between hydrophobic surfaces of the domain. The sequences of titowever, only a modest tendency for self-association of the iso-
polyhomeotic family indeed exhibit a number of additional con- lated SAM domain would be required when receptor tetramer for-

Homo- and hetero-oligomerization
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Table 1. Structure statistics of the ensemble tive signals(R. Poppe, pers. comin.Interestingly, the largely
of 10 SAM structures hydrophilic surface of our EphB2 domain shows a relatively small
_ ' number of exposed hydrophobic residues in comparison with the
Constraints for structure calculations sequences of the polyhomeotic SAM domaiif&g. 1, yellow
Total constraints used 1,319 columng
Total NOE constraints 1291 The overall correlation time was estimated by NMR spectros-
Intraresidue 611 . . .
Sequential|i — j| = 1) 280 copy. At low concentratior(200 uM) the correlation time was
Medium range(1 < |i — j| = 4) 207 5 ns, as expected for a monomer. It increased only slightly to 6 ns
Long range(]i — j| > 4) 193 at a concentration of 1.6 mM, indicating the beginning of an asso-
Hydrogen bond constraints 28 ciation process. When the protein concentration was raised to

3.0 mM, the correlation time increased to 12.5 ns.

- ) a
Eitsgfzzse%ﬁ:;f:;:ﬁ;?lcmauons A The dependency of the chemical shifts on the protein concen-
= 110.8+ 23  tration was then studied in solution Bi-**N-HSQC NMR spec-
Eponds 25+ 0.2 troscopy to monitor the weak but specific association processes.
Eangles 76.4+ 0.9 Residue-specific chemical shift changes were observed when the
Eimpropers 9.1+ 0.1 concentration of the NMR sample was varied from 1.5 to 3.0 mM
Evaw 52+0.8 of protein. The residues showing the strongest chemical shift changes
Enoe 176+ 1.8  were Tyr7, Thr8, Phel0, Ala32, Asp38, lle39, Val40, Asp47, Leus5,
NMR constraint violations Ala56, Gly57, His58, Lys60, Lys61, Met69, and Met73. Other
Number of NOE constraint violations 0.3 A residues showed much smaller effects, where Ser9, Asnll, Trpl6,
in 10 structure® 17 Leul?, GIn24, Ser31, Ser41, GIn42, Met43, Leu49, Arg50, Val51,
Number of NOE constraint violations 0.5 A Val53, 1le66, Arg70, GIn72, Asn74, and GIn75 still displayed in-
in 10 structure 4 termediate responses. The residues Thr12, GInl5, Aspl8, Alal9,
Coordinate precisiorP (A) 1le20, Lys21, Met22, Ser23, Tyr25, Lys26, Glu27, Ser28, Ala30,
RMSD of backbone atom&N,Ca,C') 7-74 0.37+ 0.07 and Leu63 remained unchanged. We conclude from these data that
RMSD of all heavy atoms 7-74 0.740.07  specific association occurs, but with low affinity.
Ramachandran statistics for residues 7— 74 The residues showing the strongest chemical shift changes are
Residues in the most favored regions 7200 ON two opposite faces of the structure. The locations of affected
Residues in additional allowed regions 26.0 residues are shown in Figure 2C by means of partial Conolly
Residues in generously allowed regions 1.6% surfaces made up by the residues with the strongest responses. The
Residues in disallowed regions 0.2%  residues in helices 1 and 2 on the front of the view in Figure 2C

exhibit only minor chemical shift changes. Interestingly, the charged

a(SA) refers to the ensemble of the 10 structures with the lowest energ)'/’e":"du_eS thgt are highly co_nserved within the Eph receptor SAM
from 200 calculated structures. domain family are located in or around the Conolly surface areas
PRMSD between the ensemble of structuf®4) and the average struc-  shown in Figure 2C.
ture of the ensembléSA).
°The program PROCHECKLaskowski et al., 1998was used to assess
the overall quality of the structures. Discussion

Our results suggest a role of the Eph receptor SAM domains in
oligomerization processes induced by ligand binding. The residues

mation is ligand induced. To support this hypothesis, we haveshowing large chemical shift changes upon variation of the protein
investigated the self-association behavior of our SAM domain byconcentration are located on two distinct surface areas demonstrat-
measuring its sedimentation behavior in an analytical ultracentriing specific SAM—SAM interactions. The identification of these
fuge, by applying the two-hybrid system to the isolated domain, bytwo distinct protein interaction sites on opposite sides of the do-
measuring relaxation parameters of the NMR signals, and by momnains’ surface is not compatible with EphB2 SAM dimerization
itoring *H and **N chemical shift changes in a concentration- without major changes to the protein fold. Furthermore, results
dependent manner. from analytical ultracentrifugation studies satisfy a monomer-dimer-

At first, construct 1 was investigated by analytical ultracentri- tetramer equilibrium, but not a monomer-dimer equilibrium. These
fugation at protein concentrations of 8M and 1.6 mM EphB2-  data are in line with the observations made by Stein €198,
SAM. At the lower concentration, the result of the measurement isvho found that higher-order clustering of Eph receptors is neces-
in agreement with a monodisperse monomeric solution. Fitting osary for recruiting LMW-PTP to the receptor complex, and for
the sedimentation equilibrium data obtained at the higher concerachieving certain cellular responses. As was demonstrated by using
tration to a monomer-dimer-tetramer equilibrium model resulted inisolated Fc-linked Ephrin dimers and tetramers, the binding of
small residual deviations. In contrast, fitting with a monomer andLMW-PTP to EphB1 receptors can only be induced by activation
monomer-dimer equilibrium model increased the deviations sigthrough tetramers, not dimers.
nificantly. To investigate the possible influence of the six C-terminal The formation of higher-order oligomers of EphB2 domains is
residues following the SAM domain, construct 2 was also inves-also known from a recently solved X-ray structuiiéhanos et al.,
tigated under the same conditions. Its behavior was identical to that999. This X-ray structure contains two types of monomers that
of construct 1. have largely extended N-termini, suggested to be involved in oligo-

Attempts to observe homotypic interactions between our EphB2neric contacts. Interestingly, the SAM structure in solution clearly
SAM domain using the two-hybrid system did not produce posi-differs from the crystal structure at the N-terminus, exactly where
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Table 2. Comparison of the NMR structure
with X-ray structures

SAM SAM SAM
X-ray structures EphB2A)  EphBZAB) EphA4 Tyr?

RMSD secondary structute 1.27+ 0.07 1.11+ 0.06 1.36+ 0.07
RMSD residues 12-73 150+ 0.06 1.35+0.05 1.62+ 0.06

aRMSD of X-ray structure¢Stapleton et al., 1999; Thanos et al., 1999
relative to the backbone atorid, Ca,C’') of the NMR ensembléN = 10).

chemical shift changes at higher protein concentrations indicat
protein—protein interactiond=ig. 2C, area 1; Fig.)3The globular
fold of the SAM domain’s five helices is still similar in the crystal *-ray menemer A
and in solution as shown by the RMSD values in Table 2. In the*-ray menemer 3
monomeric solution structure, the N- and C-termini are close to-NMR structure
gether and show important hydrophobic contacts between Tyr’
and Val68, Met69, and Met73 of helix 5. The presence of these
NOEs at a low protein concentration of 1Q(M confirms the
closed monomer structure in solution. In the crystal structure, how
ever, Tyr7 of a monomeric unit is clearly exposed. A possible
explanation is that the EphB2 SAM domain switches from a closec
monomeric state to an extended form upon oligomerization whereb
a binding pocket arises at the place where Tyr7 was located. In
concerted manner, the now extended N-terminus would be able to
interact with the arising interface of the pocket in another mono-Fig. 3. Comparison of the EphB2 SAM domain solution struct(ibeie)
mer. In particular, the X-ray structure shows that Tyr7 of the ex-With the two types of monomers from the oligomeric crystal structure
tended N-terminus fits into an adjacent binding pocket made up b Thanos et al., 1999, green; B, redl The N-terminus and C-terminal
elix 5 are close together in the solution structure. The X-ray structure

Phel0, Trp16, Phe37, Val68, and Met69. Furthermore, the EphB2nhows an open form with an exposed Tyr7. The pairwise conserved Tyr25
SAM crystal structure displays a second interface where the resand His58 are involved in a hydrogen bond shielded by the hydrophobic
idues Met44, Met45Thr44 and Val45 in our sequence eu63, Leu5_5. These residues are more solvent a_ccessible in the crystal structure.
Arg70, and Asn74 form a large interaction area. It should be noted "€ figure was created with SYBYL 6.4fripos Inc).
that we did not observe any NOEs between Asn74 and Thr44, or
Val45 and Leu63.

There is also evidence for ephrin-induced phosphorylation of
the conserved tyrosine in the EphB1 receptor SAM doni&tein His58 making the hydroxyl group of Tyr25 poorly accessible for
et al., 1996, leading to the subsequent binding of an SH2 domainphosphorylation. This structural feature is well-defined by a num-
from the adaptor protein Grb10. Our structure shows this tyrosinder of characteristic NOEs. In contrast, Tyr25, Leu55 and His58
to be within the interior of the structure and a phosphorylation ofare not as closely packed and more solvent accessible in the oligo-
this residue would require a conformational change whereby theneric crystal structurgsee Fig. 3. This structural difference
hydrogen bond between the hydroxyl group of the tyrosine and thenay be caused by a conformational change in the event of oligo-
aromatic ring of His58 has to be broken. The presence of thisnerization. This could also be a reason for the strong chemical
hydrogen bond is probably also important for the stability of theshift changes in this area upon increasing protein concentration
fold, as the tyrosine and the histidine are usually pairwise con{Fig. 2C, area 2; Fig.)3 After receptor oligomerization, Tyr25 of
served. The sequences of the EphA3 receptor SAM domains, fahe SAM domain may then become more accessible for a sub-
example, lack both at the same time. For this reason, it is alssequent phosphorylation process.
possible that the mutation Y929F in the EphB1 receftein A comparison of the interaction sites observed in the EphA4 and
et al., 1996 was responsible for destabilizing the protein. EphB2 crystal structure¢Stapleton et al., 1999; Thanos et al.,

In our EphB2 SAM solution structure, the conserved hydropho-1999 and the results of our chemical shift studies shows some
bic residue Leu55 buries the hydrogen bond between Tyr25 andimilarities but also differences. One of the NMR-derived surfaces

Fig. 2 (facing page. Structure of the SAM domain from the EphB2 recepgiereo view. A: Superposition of the CN, Ca of eight

NMR structures with the lowest energy including the side chains of residues in the hydrophobic core of the Brdseinematic
representation of the SAM structure, showing the five helices ifyeltbw and the side chains of Tyr25, His58, and Leu55 are marked

in blue. The figure was created with MOLMQO(Koradi et al., 1996 C: Residues whose chemical shift changes show the strongest
concentration dependentyrea 1: Tyr7, Thr8, Phel0, Ala32, Asp38, lle39, Asp47, Met69, and Met73, and area 2: Leu55, Ala56, Gly57,
His58, Lys60, and Lys6lare presented with Conolly surfaces. Figures 2A and 2C were prepared with SYBYI(®igbs Inc.,

St. Louis, Missoubi.
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involves residues at the N- and C-termindyr7, Phel0, Met69, at 25.000 rpm and 300 K. The samples containedu8® and
Met73 (Fig. 2C, area 1 This interaction area is consistent with 1.6 mM protein in the same buffer as described above. JNeaé
interfaces between monomers in the crystal structures of the EphAdmitted for these measurements. Protein stability was measured
and EphB2 SAM domains. In the NMR investigation, this area iswith 40 uM protein solution in the pH range 5.8-8.0 using a Jasco
extended by the residues Ala32 and AsfBig. 2C, area J|, which J-720 spectropolarimeter to monitor the typical minimadfédrelical
is different to both X-ray structures. Thanos et(&P99 show also  proteins at 208 and 222 nm as a function of the temperature.
a second set of crystal contacts including the surface of helix 5 an@ircular dichroism spectra were recorded between 10€8Rith
Met45 of their sequence. We do not observe stronger chemica step gradient of 1TC.
shift changes in this area. The second NMR-derived surface in-
volves residues Leub5, Ala56, Gly57, His58, Lys60, and Lys61
(Fig. 2C, area 2 This area does not participate in protein—protein
contacts in the crystal structures. There are two possible explanall NMR experiments were recorded at 300K on Bruker DRX600
tions for this observation. There is still the possibility of subtle and DMX750 spectrometers, in standard configuration, using a
structural long-range effects caused by oligomerization. Alternaf*H, 13C, 15N] triple-resonance probe equipped with three axes,
tively, it can be assumed that this second site is used upon formaelf-shielded gradient coils. The NMR spectra were processed with
tion of tetramers or other higher oligomers. Interestingly, the surfac&XWIN-NMR (Bruker Analytik GmbH, Rheinstetten, Germany
exposed residues in area 2 are highly conserved. The tetramerizéhe data were analyzed using the programs AURE[B&uker
tion process of the EphB2 SAM domain may create new inter-Analytik GmbH) and ANSIG (Kraulis, 1989.
faces, providing an appropriate contact area for the binding of an Homonuclear two-dimensional spectra NOE&¢ener et al.,
LMW-PTP and the initiation of further downstream responses. 1979, TOCSY (Braunschweiler & Ernst, 1983with DIPSI2-rc
mixing (Cavanagh & Rance, 1992and DQF-COSY(Piantini
et al., 1982 were recorded using the unlabeled sample in 90%

NMR spectroscopy

Materials and methods H,0/10% D,O, as well as 100% ED. NOESY spectra were re-
corded with mixing times of 20, 40, 80, and 120 ms. Heteronuclear
Protein expression and purification multidimensional spectra were recorded with a sample of the dou-

. . ble labeled protein. For the assignment of resonances, CBCA
DNA sequences encoding the desired constructs of the SAM do(CO)NNH (Grzesiek & Bax, 1992a CBCANNH (Grzesiek &
main as shown in Figure 1 were PCR-amplified from chickenBaX, 1992h, HBHA (CBCACONNH (Grzesiek & Bax, 1998
embryo kinase 5 cDNA. In each case the PCR product was purifiegmd HCCONNH-TOCSY (Montelione et al., 1992were re-
and ligated into a pET28d vector for transformation of Bexh- corded in 90% HO/10% D,O. HCCH-COSY(Kay et al., 1990
erichia coli BL21(DEJ) strain. Sequencing with standard ABI and HCCH-TOCSY(Bax et al., 199pwere recorded using 100%
automated sequencer 90nfirmed_th_e identity of the insert. Th_e clonq§20 as solvent. A complete assignment of all resonances could be
were grown in LB medium containing 34g/mL chloramphenicol - pieved. For the extraction of distance informatioFN:NOESY-
and 25ug/mL kanamycin. Expression was induced at ané@D  hsoc(Clore & Gronenborn, 199iwas recorded using 90%,8/
with 1 mM IPTG. The cells were incubatedrfd h at 37°C. All 10% D,O as solvent, and ¥C-NOESY-HSQO(Clore & Gronen-

following procedures were carried out at 0%€tand were moni- born, 1991 using D:0. NH-exchange rates were estimated from a
tored using SDS-PAGE. The cell pellets were resuspended in Iysi§et of MEXICO experimentéGemmecker et al., 1993
buffer (20 mM Tris-HCL pH 8.0, 1 mM PMSFand lysed with a '

French press. The lysate was centrifuged and the supernatant was _
loaded onto a chelating sepharose column(PRarmacia, Upp- ~ Structure calculation

sala, Swede)nequiliborated with bUﬁe'(Z,o mM Tris-HCL pH 8.0, The structures were calculated with the program X-PL@&tsion

50 mM NaCL, 0,05% Nab). The protein was eluted using a step 3 1) (priinger, 1992 using the simulated annealiti§A) protocol

gradient of imidazole. The pooled fractions containing the proteln(Nilges et al., 1988 Distance constraints were categorized as

were concentrated and further purified by gel filtration on aSuperde>§trong(1 8-2.8 A, medium(1.8-3.5 A, weak(1.8-5.0 A, or very

75 column(Pharmacia The purity of the protein was monitored weak (2.5-6.0 A. As pseudo-atom corrections 0.4 A was added
i 15

by SDS'PA_GE and mass spectroscopy. Unlforﬁ‘_?@/ N-labeled _for equivalent methyl protons, 1.5 A for the six equivalent methyl

SAM proteln was prepgred for the NMR experlments by g_rO\_N'nggroup protons in Leu and Val, dr2 A for equivalent aromatic ring

E. coli BL21(DES3) strain hf’?“_’o”gg the expression plasmid in @ protons in Phe and TytFletcher et al., 1996 Distinguishable

N(I)Q glnlgal medium containing®NH,Cl, U{**Cs]glucose and o minal methyl groups in Leu and Val and distinguishable prochi-

5% _C/ N-Iabgl_ed CeltoneéM_artek, Columbia, Maryland The 5, methylene protons in the side chains were systematically se-

protein was purified as described above. For the NMR measulected during the SA using the floating assignment protocol.

ments a buffer containoing 20 mM KiRO,/K,HPO, at pH 5.8 or v r00en bond constraints were obtained for helices 1, 2, 4, and 5,
7_'4' 50 mM KCI, 0.05% Nahlwas used. The pr_otem concentra- by analyzing NH-exchange rates estimated from a set of MEXICO
tions varied between 0.1 and 3.0 mM. Depending on the necesss, e rimentsGemmecker et al., 199and were allowed to fullill
ties, samples in either in 90%,8/10% D,O or 100% DO were bothi + 3 andi + 4 hydrogen bond geometry.

prepared.

Accession number

Protein characterization The coordinates of the solution structure of the SAM domain from

Sedimentation equilibrium analysis of the SAM domain was per-the receptor tyrosine kinase EphB2 have been deposited in the
formed using a Beckman XL-I analytical ultracentrifuge operatingPDB with the accession code 1sgg.
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