
have prevented the hydrolysis of tetraglycine. 
Tetraglycine therefore reentered the reaction 
region and fbrther reacted with a glycine, 
producing a diglycine, a triglycine, or a di- 
ketoviverazine molecule when the amount of . . 
tetraglycine becomes sufficient. The presence 
of even-numbered oligomers up to hexagly- 
cine and the absence of detectable amounts of 
both tri- and pentaglycine suggest that the 
chain elongation proceeds mainly by amino- 
lysis of diketopiperazine. 

As monomers of biological significance, 
both amino acid and nucleotide molecules 
can potentially accommodate stepwise poly- 
merization schemes into themselves (2, 3) 
[for instance, by repeating the cycle of hy- 
drolysis and elongation (4)]. From an evolu- 
tionary perspective, a more pressing issue in 
this regard is how to implement such 
schemes. Stepwise synthesis of oligoglycine 
in our flow reactor seems to suggest that 
submarine hydrothermal vents in the Archean 
ocean could have readily facilitated the mul- 
tiplicative oligomerization of these mono- 
mers, even in the absence of ribosomes or 
ribozymes. 
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Oligomeric Structure of the 
Human EphB2 Receptor SAM 

Domain 
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The sterile alpha moti f  (SAM) domain is a protein interaction module that is 
present in diverse signal-transducing proteins. SAM domains are known t o  form 
homo- and hetero-oligomers. The crystal structure of the SAM domain from an 
Eph receptor tyrosine kinase, EphB2, reveals two  large interfaces. In one in- 
terface, adjacent monomers exchange amino-terminal peptides that insert into 
a hydrophobic groove on each neighbor. A second interface is composed of the 
carboxyl-terminal helix and a nearby loop. A possible oligomer, constructed 
from a combination of these binding modes, may provide a platform for the 
formation of larger protein complexes. 

Proteins containing SAM domains include 
the Eph family of receptor tyrosine kinases 
(I), diacylglycerol kinases (2), serine-threo- 
nine kinases (3), Src homology 2 (SH2) do- 
main-containing adapter proteins (4, 5 ) ,  ETS 
transcription factors (6), polyhomeotic pro- 
teins (6, 7), and the connector enhancer of 
KSR (kinase suppressor of ras) ( 4 ,  among 
others. The presence of a SAM domain in a 
wide variety of proteins suggests that, like 
other signal transduction modules (9),  it con- 
fers a common function. 

Previous studies suggest that SAM domains 
form SAM homo-oligomers and SAM hetero- 
oligomers. First, the SAM domain from the 
ETS transcription factor TEL (TEL-SAM) has 
been shown to self-associate (10). In many 
human leukemias, chromosomal translocations 
render the TEL-SAM domain fused to other 
proteins including the tyrosine lunase domains 
of Abelson leukemia vims lunase, platelet-de- 
rived growth factor receptor-@, and Janus lu- 
nase 2 as well as the transcription factor AML1 
(11, 12). TEL-SAM domain oligomerization 
results in constitutive activation of the protein 
to which the SAM domain is fbsed and may 
cause cell transformation (13). Second, SAM 
domains from various polycomb group (PcG) 
proteins, which regulate homeotic gene tran- 
scription, also form specific homo- and hetero- 
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oligomers and may be important for generating 
large PcG protein complexes within the cell (6, 
14). Third, the SAM domains of Byr2 and Ste4, 
proteins that regulate sporulation in the yeast 
Schizosaccharomyces pombe, form a hetero- 
oligomer (3, 14-16), 

SAM domains also bind to proteins that do 
not contain SAM domains. The LAR (leuko- 
cyte common antigen related) protein tyrosine 
phosphatase (PTP) binds to a region of LIP 
(LAR-interacting protein) that consists of three 
tandem SAM domains, indicating that SAM 
domains bind directly to PTPs (17). Other evi- 
dence supports a role for SAM domains in PTP 
binding. Stein et al. reported that binding of low 
molecular weight PTP (LMPTP) to the EphB 1 
receptor tyrosine kinase is abrogated by a 
Y929F mutation (in which Tyr929 is mutated to 
Phe) in the SAM domain (18). This same mu- 
tation also abolished binding of the SH2-con- 
taining adapter protein GrblO (19). These data 
suggest that phosphorylation of Tyr929 in the 
EphB 1 receptor SAM domain creates a binding 
site for LMPTP and GrblO (18). Finally, the 
PDZ domain of the ras-binding protein AF6 
recognizes a peptide that corresponds to the 
COOH-terminus of the SAM domain in various 
Eph receptors (20). 

Here we report the crystal structure of the 
SAM domain from the EphB2 receptor. The 
Eph receptors are the largest family of receptor 
tyrosine kinases and have been implicated in 
the regulation of segmentation of the develop- 
ing brain, retinotectal axon guidance and bun- 
dling, angiogenesis, and cell migration (21). All 
Eph receptors contain a SAM domain at their 
COOH-terminus. 

www.sciencemag.org SCIENCE VOL 283 5 FEBRUARY 1999 833 



R E P O R T S  

A SAM dornakontaining fragment of the space group P4, with cell dimensions a = b = wavelengths (Table 1) (24). The structure was 
Ephl32 receptor, EphB2-SAM, corresponding 73.90 A and c = 104.57 A (23). The asymmet- refined using CNS (Crystallography and NMR 
to residues 905 to 98 1 in the I11-length recep- ric unit of the crystal contained eight Ephl32- System) with phase restraints at a resolution of 
tor, was expressed in Escherichia coli. A vari- SAM monomers. The structure was solved with 1.95 A (25). The R ,  is 22.8% and the R,, is 
ant of Ephl32-SAM containing selenomethi- the multiwavelength anomalous dispersion 27.3%. 
onine (22) was prepared and crystallized in (MAD) method with data collected at four The EphB2-SAM domain structure is 

shown in Fig. 1. The polypeptide chain starts 
with a stretch of irregular structure and enters 
the core of the domain beginning with helix 1 
(residues 14 to 20). The chain then reverses 
direction into helix 2 (residues 27 to 32). A 
long loop then wraps around the domain and 
contains a single turn of helix 3 (residues 38 
to 41). After the loop region, the chain enters 
helix 4 (residues 46 to 52), and then takes a 
sharp turn into the long COOH-terminal helix 
5 (residues 57 to 78) (26). 

The sites of known and proposed protein 
interactions with the SAM domain are shown 
in Fig. 1. The binding site of the AF6 PDZ 
domain is located at the end of helix 5, which 
extends out fiom the core of the structure. 
making the binding site readily accessible. 
Residue T Y ~ ~ ,  which is a putative phospho- 
rylation site and binding site for LMPTP and 
GrblO, is found at the start of helix 2 (Fig. 
1A). Although Ty86 is partially buried in the 
structure and participates in a hydrogen bond 
with Hiss9, a phosphoryl group could be ac- 
commodated by slight rearrangements of the 
structure. Such conformational changes are 

Fig. 1. The arm-exchange interface. (A) Ribbon structure of the Eph82 SAM domain. The L-form of not 'Wrecedented (2Q. 
the polypeptide is outlined in blue, the S-form is outlined in yellow, and Typ is shown in ball and Each EP~BZ-SAM monomer in the c ~ s t a l  
stick representation. The areas of the structure that interact with other proteins are highlighted in engages in two types of interactions, which 
red. In our numbering, TyrZ6 corresponds to  TyrgZ9 in the EphBl receptor (23). (B) Close-up view bury large amounts of d a c e  area. The first 
of the L-form peptide insertion. In the L-form, ~ y r ~  packs into a hydrophobic pocket (Phel1 is not interface type involves the of w- 
shown, Phe38, Met7', Trp17, and VaFg) and hydrogen bonds through an ordered water molecule t o  peptide arms between adjacent SAM Ser66. (C) Close-up view of the S-form peptide insertion. In the S-form, Tyre inserts into the same 
pocket as in the L-form, but it hydrogen bonds to  Trp17 through an ordered water molecule. Residue domains. This buries 
Phellc (L-form) and helix 1 are shown in transparent representation to  better illustrate the packinn -1900 A2 of total surface area. The dimer is 
around ~ y 8  arid the architecture of Trp17 in the hydrophobic patch. The figures were made w i t i  aspmetric with one NH,-t&us forming a 
MOLSCRIPT (33). curved structure (S-form) and the other q- 

Table 1. Crystallographic data, phasing, and refinement. Diffraction data were atoms except for the NH,-terminal selenomethionines were located, for a 
collected at 100 K on beamline 5.0.2 at the Advanced Light Source, Lawrence total of 48 sites. The model was built with the program 0 (34). CNS was used 
Berkeley National Laboratory. A 4 4  charge-coupled device detector was used. for refinement (25, 34). The MLHL maximum likelihood target function was 
The selenium atom positions were determined with the peak anomalous used with density-modified phases as prior experimental phase information. 
difference data in the program Shake-and-Bake v.2.O (34). MAD phases were Restrained individual B-factor refinement, anistropic B-factor correction, and 
generated with MLPHARE (34) and solvent flattening was applied in DM (34). a bulk solvent model were used in the refinement. The Protein Data Bank 
There were eight protein molecules in each asymmetric unit. All selenium accession code for this protein is lb4f. 

Crystallographic data 

Data set A (A) ~ M I N  Observed Unique Complete- 
(O/(ui) 

(PP)t 
(A) reflections reflections ness (%) Rm* ('1 acenlcen 

Anomalous peak 0.97966 1.95 223,269 39,547 96.5 
Inflection point 0.97982 1.95 168,469 38,997 95.1 
High-energy remote 0.96859 1.95 183,660 39,507 96.4 
Low-energy remote 1.00000 2.00 178,021 36,232 95.2 

Phasing and refinement 
Overall figure of merit to 1.95 A MLPHARE: 0.656 DM: 0.749 
R factor$ R,,,,: 22.8% R,,: 27.3% 
RMSD from idealitye Bond lengths: 0.028kr Bond angles: 1.90° 
Ramachandran analysis Most favored: 92.5% Additionally allowed: 7.5% 

'R,, = Z,,Z,I I,(h) - ( I (h ) )  1 f ih ( l (h ) ) ,  where l,(h) is the ith measurement and ( I (h))  is the and centric reflections. SR factor = Z I Fo - F,I /X I F0I, where Fo and F, are the 
weighted mean of all measurements of I(h) for Miller indices h. Values in parentheses are observed and calculated structure factors, respectively. Rt, i s  the cross-validation R 
for the highest resolution bins. tPhasing power is the mean value of the heavy atom factor calculated for 10% of the reflections omitted in the refinement 
structure factor amplitude divided by the residual lack of closure error for both acentric process. ORMSD is the root mean square deviation. 
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terminus extending more directly into its part- 
ner's binding pocket, adopting a linear shape 
(L-form). In both forms, the conserved hydro- 
phobic position TyF anchors the interface. As 
shown in Fig. 1, T 9  inserts into a hydrophobic 
cavity created by Phe", Trp17, Phe3', VaF9, 
and Met7' of the adjacent monomer. In the 
S-form, the phenolic hydroxyl forms a water- 
mediated hydrogen bond to the &-nitrogen of 
the highly conserved TrpI7. In the L-form, a 
water-mediated hydrogen bond is made to 
S d 6 .  The position analogous to Tf l  in the 
PcG protein p h  is a tryptophan and, when 
changed to alanine, binding to other SAM do- 
mains is abolished (6). This result suggests that 
the arm-exchange interface may provide a gen- 
eral mechanism for SAM domain association. 

The second type of interface buries 
-1250 A2 of surface area and is formed by 
packing helix 5 and loop 3 (residues 42 to 45, 
between helices 3 and 4) of one monomer 
against the same elements of the other mono- 
mer with pseudodyad symmetry (see Fig. 2). 
Because the helix and loop of one monomer 
form a "b" shape, we refer to this association 
as the b-region interface. The residues that 
bury the most surface area in the interface are 
Met45, Arg7', and Residue Met45 pro- 
trudes out from loop 3 and packs into the side 
chains of Asn71 and Arg75 from the opposite 
monomer. Residues Asn71 and form 
hydrogen bonds with the main chain of the 
adjacent subunit. 

The presence of two distinct intermono- 
mer binding surfaces suggests that SAM do- 
mains could form extended polymeric struc- 
tures. An example of such a polymer, con- 
structed from repeated combinations of arm- 
exchange interfaces and b-region interfaces, 
is shown in Fig. 3. The putative SAM domain 
polymer has a highly asymmetric charge dis- 
tribution (Fig. 3C). One face of the oligomer- 
ic structure has a strongly negative potential, 
whereas the opposite face is largely neutral. 

Fig. 2. The b-region interface. In this in- 
terface, k~~~ and Arg7' form hydrogen 
bonds to the main chain of the opposite 
monomer. Methionine-45 packs against 
helix 5 from a neighbor. This figure was 
made with MOLSCRIPT (34). 

Neither the monomeric SAM domain nor the 
two dimeric forms exhibit a notable charge 
distribution. However, a striking asymmetric 
charge distribution develops as a conse- 
quence of oligomer formation. 

Several lines of evidence suggest that the 
putative SAM domain oligomer may be biolog- 
ically significant and is not simply a result of 
crystallization. First, both interfaces bury more 
than twice the average surface area seen in 
crystal contacts, indicating that the interfaces 
were not formed by chance (28). For compari- 
son, PDZ domain and SH2 domain peptide 
complexes bury between 700 and 1100 A2 total 
surface area, respectively (29). Second, as noted 
above, mutation of the most deeply buried res- 
idue in the arm-exchange interface is known to 
disrupt oligomerization of the ph SAM domain 
(6). Thus, what we see structurally is recapitu- 
lated biochemically. Third, the polymer cannot 
be generated by the application of crystallo- 
graphic symmetry operations alone, but instead 
involves three noncrystallographic symmetry 
operations. Thus, the polymer is not simply a 
necessary consequence of crystallization 
Fourth, the polymer is compatible with the 
binding of LMPTP, AF6, and GrblO. The 
known and putative binding sites for these pro- 
teins are all exposed and accessible for binding. 
Finally, the charge distribution in the polymer is 
not random and is a consequence of polymer- 
ization. Moreover, most of the surface acidic 
residues that create the negative surface of the 
polymer are highly conserved in the Eph recep- 
tor family (30). 

Because spontaneous SAM domain aggre- 
gation might cause constitutive kinase activa- 
tion, SAM domain oligomerization in the Eph 
receptor family would need to be regulated in 
some fashion. Indeed, equilibrium sedimenta- 
tion experiments reveal that the EphB2-SAM 
domain is monomeric at concentrations in the 
range of 100 pM (31). It is possible that ligand- 
induced receptor activation results in a confor- 

mational change that facilitates SAM domain 
association. Alternatively, receptor aggregra- 
tion could provide the driving force for SAM 
domain oligomerization. This mechanism is 
consistent with polymer formation in our crys- 
tals because only a high concentration would be 
required. If so, the oligomeric state of the Eph 
receptor SAM domains could be controlled by 
the aggregation state of the ligand. Stein et al. 
have shown that when Eph receptors were pre- 
sented with a dimeric ligand, tyrosine kinase 
activity was stimulated, but many other signal- 
ing events were only triggered by tetramerized 
ligand (18). For example, only tetramerized 
ligand caused recruitment of LMPTP to the 
Ephl32 receptor, an association that is mediated 
by the receptor's SAM domain (18). If aggre- 
gated ligand creates higher order SAM domain 
oligomers, new binding &ces may be creat- 
ed that facilitate binding of LMPTP and other 
proteins to the SAM domain of the receptor. 
Development of negative charge on one surface 
of the SAM domain oligomer could recruit a 
still unidentified basic protein. Thus, receptor 
clustering and consequent SAM domain oli- 

Fig. 3. Model of the SAM domain oligomer. (A) 
Ribbon diagram. Packing of the monomer with 
a combination of arm-exchange interfaces and 
b-region interfaces creates an oligomer. In the 
ribbon diagram, the S- and L-forms are colored 
yellow and blue as in Fig. 1. (B) Surface dia- 
gram. Each monomer is rendered with a unique 
color to illustrate the packing at each interface. 
A 1.4 A probe radius was used to calculate the 
molecular surface area. This figure was made 
with MOLMOL (33). (C) Electrostatic potential 

I 
surface of the oiigomei The asymmet;ic distri- 

1 bution of charge on each face of the oligomer is 
shown. Red is negative, white is neutral, and 
blue is positive. The electrostatic surface was 
contoured between - 10 k,T/e and + 10 k,T/e, 
where k, is the Boltunann constant, T is tem- 
perature, and e is the electronic charge. This 

i-Y 
figure was made with GRASP (33). 
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gomerization would provide a platform for the 
formation of larger protein complexes. 

SAM domain interactions in other proteins 
are energetically favorable and may therefore 
mediate the formation of stable complexes in 
the cell that resemble the polymeric structure 
described for the EphB2 SAM domain. Indeed, 
the PcG proteins fonn large multiprotein com- 
plexes. SAM domains froin the PcG proteins 
are relatively promiscuous in their interactions. 
suggesting that such oligomers could contain a 
variety of SAM domains. If so, a wide array of 
binding pockets could be created between SAM 
domains, m~lltiplying the potential complexity 
of the surface for specific interactions with 
other proteins. Though not yet observed, Eph 
receptors could also form heterogeneous recep- 
tor con~plexes and potentially trigger a wider 
variety of signaling cascades. It is known that 
their ligands, the ephrins, can bind to multiple 
receptor isofoims and could therefore mediate 
hetero-oligomeric receptor foilnation (32). 
Similar combinatorial mechanisms are used by 
other cell surface receptors (33). 

SAM domains are a diverse family of 
protein modules involved in inany biological 
processes. As a result, their functional roles 
may vary and alternate oligomerization 
mechanisms may be used in different con- 
texts. The EuhB2-SAM domain structure de- 
scribed here provides a structural foundation 
for uncovering the functional roles of this 
important protein interaction module (35).  
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Single-Channel Recording of a 
- 

Store-Operated ca2+ Channel in 
Jurkat T Lymphocytes 

Hubert H. ~erschbaum' and Michael D. Cahalanz* 

In T lymphocytes, a store-operated calcium ion (Ca2+) entry mechanism 
termed the calcium release-activated Ca2+ channel (CRAC channel) un- 
derlies the sustained or oscillatory intracellular calcium concentration signal 
required for interleukin-2 gene expression and cell proliferation. The use of 
sodium ions as a current carrier enabled single-channel recordings of CRAC 
channels during activation, inactivation, and blockade of current in  the 
presence of divalent cations. A large conductance of 36 t o  40 picosiemens 
indicates that  100 t o  400 CRAC channels are present i n  T lymphocytes. 

Calcium influx is activated by the depletion lymphocytes, a specific type of store-operated 
of calcium ions from intracellular stores in channel, the CRAC channel, supports the in- 
many electrically inexcitable cells (I). In T tracellular calcium concentration signal that 

leads to lymphocyte activation (2) .  CRAC 
channels are highly selective for calcium ions 
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ogy, University o f  Salzburg, A-5020 Salzburg, Austria. 

under physiological conditions (3)  and have a 
2Department o f  Physiology and Biophysics, University tiny single-channel conductance, estimated 
of  California, Irvine, CA 92697, USA. by fluctuation analysis to be 24 f S  in 100 mM 
* T ~  whom correspondence should be addressed, E. extracellular calcium (4). This conductance is 
mail: mcahalan@uci.edu too low to be resolved at the single-channel 
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