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versed by restoration of neutrality, although the 
refolded Mediator appeared slightly different 
froin the original compact form. 

The related i~~ur ine~coin~lex,  containing ho- 
mologs of yeast Mediator subunits (6); ap- 
peared similar to yeast Mediator in the electron 
microscope. Fields of well-defined particles 
gave evidence of a discrete complex, and selec- 
tion, alignnlent. and averaging yielded a view in 
projection. The inurine complex was not only 
the same size and shape as yeast Mediator but 
also bore a close leseinblance 111 intellla1 shnc- 
tural detail (Fig 4) The very occurrence of 
such a view. deriving from a prefened orienta- 
tion 011 the surface of the electron microscope 
grid, points to a girnilar~ty in 3D strtlch~re of the 
two complexes. leading to a similar manner of 
adsorption to the grid. 

The inurine complex also undenvent a con- 
formational change to an extended folrn at high 
pH or in the presence of RNA polyinerase I1 
(14). Unfolding was again species specific. oc- 
tuning only with inammalian but not with 
yeast mA polymerase 11. The proportio~l of 
extended particles was. however. smaller. and 
the images of holoenzyme were more va~iable. 
precluding ali_munent and averaging. The simi- 
lar~ty to yeast holoenzyme was nonetheless ap- 
parent from views of individual paiticles. 

Parallel investigation of the murille and 
yeast complexes was of particular interest be- 
cause of the appalent diffeieilces between them 
Although foul components of the nluline com- 
plex ale hoinolopous to yeast Med~atol sub- 
units, theie is as yet 110 evidence of further 
homology, mith a inullne equ~valent of the 
Sin4 Rgrl lepression-activation module being 
conspicuously l a c h g  (6) The sm~ctural simi- 
lanties noted here polnt to a conespondence 
between the two complexes. Both occur in a 
corn~act conformatioil of about the same size 
and shape and exhibit similar internal structural 
detail; both unfold to an extended conformation 
at elevated pH or in the presence of mA 
polymerase 11: and both interact with polyiner- 
ase in the extended confonnation, forming ho- 
loenzymes that are similar in general appear- 
ance. Moreover, both complexes include a tail 
domain. as identified in a preliminaiy study of 
yeast Mediator from a siil4 deletion strain as the 
Sin4Rgrl repression-activatioil module (15). 
Thus, the murille complex appears to be a true 
counterpart of yeast Mediator. 

Unfolding of Mediator in the presence of 
RNA polymerase I1 may reflect the equilibrium 
association of the hvo proteins detected previ- 
ously by biochemical means (16). Mediator 
unfolds upon binding polymerase and fails to 
refold immediately after dissociation. The evi- 
dence for at least two sites of interaction with 
polymerase was unexpected. It was previously 
thought that the interaction occurred solely 
through the polymerase CTD. The species 
specificity of Mediator uilfolding, as well as its 
persistence in the absence of the CTD. provide 

evidence for a second site. Apparently both with core RNA polymerase II, which is indicative of a 

sites are required for a stable interaction. high percentage of active Mediator molecules. 
9. About 85% of the particles were clearly recognizable 

as belonging t o  the reported average conformation 
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Crystallographic Evidence for 
Preformed Dimers of 

Erythropoietin Receptor Before 
Ligand Activation 

Oded ~ i v n a h , ' ~  Enrico A. stura,'f- Steven A. Middleton,' 
Dana L. Johnson,' Linda K. ~olliffe,'$ Ian A. Wilson1$ 

Erythropoietin receptor (EPOR) is thought to be activated by ligand-induced 
homodimerization. However, structures of agonist and antagonist peptide com- 
plexes of EPOR, as well as an EPO-EPOR complex, have shown that the actual 
dimer configuration is critical for the biological response and signal efficiency. 
The crystal structure of the extracellular domain of EPOR in its unliganded form 
at 2.4 angstrom resolution has revealed a dimer in which the individual mem- 
brane-spanning and intracellular domains would be too far apart to permit 
phosphorylation by JAK2. This unliganded EPOR dimer is formed from self- 
association of the same key binding site residues that interact with EPO- 
mimetic peptide and EPO ligands. This model for a preformed dimer on the cell 
surface provides insights into the organization, activation, and plasticity of 
recognition of hematopoietic cell surface receptors. 

Erytlropoietin (EPO) is a glycoprotei~l hor- 
inone that regulates the proliferatioi~, differen- 
tiation, and maturation of eiythroid cells (I). 
The EPO receptor (EPOR), a member of the 
class 1 cytokine receptor superfamily (2). con- 
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sists of an extracellular ligand-binding domain. 
a shoit single-pass transmembrane segment. 
and a cytoplasmic domain that lacks a kinase 
region (3). Signaling occurs through the JAW 
STAT pathway. where ligand-induced sequen- 
tial receptor homodiillerizatio~l (4-6) has been 
proposed to promote stable association of JAK2 
and phosphoiylation of J B ,  EPOR, and 
STAT5 (7). EPOR can also be activated 
through a point inutatioil in the extracellular 
region (EPO binding protein: EBP) that produc- 
es a disulfide-linked homodiiner (j) ,  by a small 
percentage of inonoclonal antibodies to EPOR 
(8)  and by a set of short EPO-mimetic peptides 
(9) (EMPs) that are urnelated in sequence to 
EPO and can be considered minimized hor- 
inones (9, 10). The crystal structure of an ago- 
nist EMP1-EBP complex (11) revealed a two- 
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Table 1. Crystallographic data and refinement 
statistics for the native EBP. The unliganded EBP 
(7 mglml) was crystallized by sitting drop vapor 
diffusion at 22.5C with 0.84 to 0.9 M ammoni- 
um sulfate and 0.1 M imidazole (pH 7.8). These 
conditions differ from those used for the EMP1- 
EBP complex (1 l ) ,  which crystallizes from 11% 
MPEG 5000 (monomethyl ether) and 0.2 M im- 
idazole malate (pH 7.7) with peptide at 1 to 2 
mglml. Crystals of the native EBP are triclinic 
PI, with cell parameters a = 38.8 A, b = 55.7 A, 
c = 58.4A, a = 62.7, P = 88.3, y = 75.0°, with 
two EBP molecules in the asymmetric unit and 
a V, (Matthews coefficient) of 1.97 A3 per 
dalton. Data were collected from a single crystal 
at the Stanford Synchrotron Radiation Labora- 
tory beam line 7-1 at -180°C. The data were 
integrated, scaled, and reduced with DENZO 
and SCALEPACK (30), and the structure was 
determined by molecular replacement methods 
with AMoRe (30), as implemented in the CCP4 
program suite (30). The search models used 
were the individual D l  and D2 domains of the 
EBP molecule (1 1) from the EBP-EMPI complex 
(PDB code IEBP). The molecular replacement 
solution revealed an EBP dimer in the asymmet- 
ric unit (R,,,,, = 44%, correlation coefficient 
= 43%). The structure was initially refined by 
rigid body searches with X-PLOR 3.851 (30) at 
a resolution range of 8.0 to 4.0 A (R ,,,, and R ,,,, 
= 41%) and further refined by the simulated 
annealing slow-cooling rotocol in the resolu- 
tion range of 50 to 2.4 1. The Fob, factors were 
scaled anisotropically (811 = -2.2 A'; 812 
= -3.6 A'; 822 = -4.4 A'; 813 = 2.5 A2; 
823 = 0.1 A'; 833 = 4.7 AZ) and a bulk sol- 
vent correction was applied (30). The structure 
was fitted into the electron density maps with 
the graphics program 0 (30). Residues 1 to 9, 21 
to 23, 135. 164, and 222 to 225 of EBP mono- 
mer 1 and residues 1 to 9, 21 to 23, 164, and 
223 to 225 of monomer 2 had insufficient 
electron density to be refined, as observed in 
other EBP structures (1 7-73). In the final struc- 
ture, none of the nonglycine residue lie in the 
disallowed region of the Ramachandran plot as 
analyzed with PROCHECK (30). Symbols: See 
(37). 

Resolution range 50 to 2.4 A 
Unique reflections 14,951 
Redundancy 2.0 
R~p (4 5.9% (28%)* 
Completeness 98.6% (97.0%)* 
(I/u(l)) 9.3 (2.1)* 
Number of protein atoms 3240 
Number of solvent atoms 97 

'cryst (' ' IUF) 21.6 
'free 29.6 
rmsd from ideality 

Bond length 0.008 8, 
Bond angle 1.6 A 
Dihedrals 24.4 A 
Improper dihedrals 0.8 A 

Average 8 values 
EBP monomer 1 32 A2 
EBP monomer 2 33 A2 

Ramachandran plot 
(PROCHECK) 

Favored 81.5% 
Allowed 17.0% 
Generously allowed 1.4% 
Disallowed 0.0% 

*Statistics for outer shell of 2.5 to 2.4 A data. 

fold symmetric diner assembly (Fig. l), where- 
as an antagonist peptide (EMP33) produces an 
asymmetric dimer that is apparently not permis- 
sive for JAK2 phosphorylation (12). These re- 
sults, combined with the highly asymmetric 
EPO-EPObp structure (13), suggest that recep- 
tor dimer orientation affects EPOR activation. 

EBP, consisting of residues 1 to 225 of the 
human EPOR, was expressed and purified as 
described (14). The crystal structure of native, 
unliganded EBP was determined at 2.4 A res- 
olution by molecular replacement (Table 1). 
Each EBP monomer (15) consists of two FBN- 
111 folds (Dl and D2), connected at an approx- 

imate right angle, as in other cytokine receptors 
(16). However, the native EBP unexpectedly 
forms a cross-shaped dimer (Fig. 1A). The self- 
dimer interface (1 7) (Figs. 1 and 2A) involves 
an almost perfect twofold symmetric interaction 
of 24 residues from five of the six binding loops 
L1, L3, LA, L5, and L6 (18) and a small loop 
segment (L5a) between strand C' and E in D2 
(Fig. 2B) that are markedly similar to those 
used to bind EPO (Fig. 2C). A hydrophobic 
core includes two layers, from four aromat- 
ics, Phe93 (L3), and Phezo5 (L6) of each EBP 
that form a crownlike ring structure, reminis- 
cent of the hydrophobic interface between 

L 
Fig. 1. Comparison of the unliganded and liganded EPOR receptor dimer configurations. (A) A schematic 
representation of the quaternary structure of the native EBP dimer. The two EBP molecules form a 
cross-like self dimer and are shown in cyan and gold, with their individual domains labeled D l  and D2. 
A close, symmetrical interaction is formed between the two EBP molecules on the basis of their 
previously determined ligand-binding epitope regions (71). The three-residue linker between the 
NH,-terminal a helix and the FBN-Ill domains in both molecules is omitted because of the lack of 
electron density in this region and the NH,-terminal a helices are omitted for clarity. The D l  domains 
of each monomer point in opposite directions, whereas the two D2 domains can both be aligned toward 
the membrane with a rotation of 135' between them. The membrane-proximal ends of D2 in each 
molecule (Th6'O) are shown by a black arrow emphasizing the 73 A separation between them. In the 
schematic of the unliganded self dimer (right), the different scissors-like dimer configuration keeps the 
intracellular ends far enough apart such that autophosphorylation of JAK-2 cannot occur and hence 
other phosphorylation events, such as on the cytoplasmic domain of the EPOR, do not occur. (0) The 
quaternary structure of the EBP-EMP1 complex. The two EBP molecules are shown in gold and cyan and 
the EMPI dimer in purple. Two EMP1 peptides bind to  two EBP receptor molecules in a symmetrical 
manner (1 7). The domains are labeled in D l  and D2 and the equivalent COOH-terminal membrane- 
proximal ends of each receptor are shown by black arrows that highlight the difference in distances and 
receptor dimer configurations for the unliganded native and EMP1-complexed EBPs. In the schematic of 
the liganded form (right), EMP1 [or EPO (13)] induces a close dimer association of both the D l  and D2 
domains so that their intracellular regions become substrates for phosphorylation by two JAK-2 
molecules. The stick figures were made with MIDAS (30). 

12 FEBRUARY 1999 VOL 283 SCIENCE www.sciencemag.org 



R E P O R T S  

EMPl and EBP (II), and from Leu33 (Ll), 
Pro149 (L5), and MetI5O (L5). A large number 
of polar residues provide sufficient hydrogen 
bonding (19) to fix the geometry of the qua- 
ternary association. 

Comparison of the native and EBP-EMP1 
structures shows that the D2 domain of the 
unliganded EBP is rotated toward D l  by 13", 
so that a relative shift of 8 A is observed at 
the distal edge of D2 (20). Thus, some flex- 
ibility in the interdomain angle is observed, 
as in other cytokine receptors (21). Two li- 
gand-binding loops (L3 and L6) show large 
conformational changes (22), compared with 
the EMPl complex, and contain the "hot 
spot" residues Phe93 and Phe205 that are es- 
sential for binding EPO and EMPl (11, 23). 
The EBP-EBP receptor contact residues are 
markedly similar to those used for binding 
EMPl (II), EMP33 (IZ), and EPO (13) (Fig. 
2). The two equivalent COOH-terminal resi- 
dues (Thr2'O), adjacent to the predicted point 
of membrane insertion, are 39 A and 73 A 
apart for the EMPI -EBP and EBP-EBP struc- 
tures, respectively, which would keep the 
EBP-EBP self-dimer cytoplasmic domains 

sufficiently separated to prevent association 
of the two JAK2 molecules and, hence, 
would inhibit a background signaling (Fig. 
1). Ligand binding would bring the D2 do- 
mains closer together, possibly by a scissors- 
type motion, and facilitate interaction of their 
intracellular domains. 

Although ligand-induced receptor dimer- 
ization is widely accepted as a prerequisite 
for EPOR activation, it has not been clear 
whether the unliganded receptors would self- 
associate on the cell surface. However, addi- 
tional support for EPOR dimers can be 
gleaned from studies of EPOR biology. Mo- 
nomeric EPO binding to dimeric EPOR in- 
volves a two-site mechanism, with high-af- 
finity (nanomolar range) and low-affinity 
(micromolar range) sites (6). A self-associat- 
ed EPOR dimer would explain how EPO can 
activate efficiently on the cell surface where 
relatively few receptors (< 1000) are present 
(24). Without some clustering of receptors, 
even transitory, monomeric receptor-EPO in- 
teractions would be prevalent, especially in 
an excess of EPO. Indeed, clustering of re- 
ceptors, such as by homodimerization, has 

Fig. 2 Comparison of the buried surfaces of the unliganded and liganded 
EPO receptor. (A) Contact surface representation of EBP-EMP1 (left) and 
EBP-EBP (right) dimer structures showing the similarities in the residues 
and interface of the binding e itopes. The buried surface of the receptor P in the EBP-EBP dimer (730 A , 700 A7  corresponds wen more dosel Y with those in the EPO-EWbp complex (site 1, 920 AZ; site 2,660 A ) 
than in fhe EMP1-EBP complex (420 Az, 420 AZ), as shown below, and is 
55% hydrophobic, 45% polar. The red surface represents the positions of 
Weg5 and Wem5 and the magenta represents the location of MetJM, all 
key residues in the hydrophobic core for binding to EPO and to  EMP1. 
~ d h r  residues surroundin the h dmphobic cor;? include Cluu, SeSe$', ii r SeP .  His1". Asn116. Ser' 2. His1 3. ArelS5. CIU"~. AwlTB. GbmZ. and 
S e e .  The figure w& made with CRGP and the bur& surfaces here 
calculated as in (17). (B and C) Comparison of buried surface areas in the 
native EBP-EBP (0) and EPO-EWbp complexes (C). The binding loops (L1 
to L6 are labeled, as well as the three key binding residues Pheg3 (red), ll Phe2 S(red), and Met1% (cyan) and others that contribute substantially 

been proposed to account for the low numbers 
of expected EP0:EPOR dimers as a result of 
the low afhity of the second site and the low 
level of 1 ph i  receptor on the cell surface (6). 
However, detection of such dimers in solution 
would be complicated by the expected weak 
association (rnillimolar range) of the truncated 
soluble, extracellular forms of cell surface re- 
ceptors (25). However, these afiinities could 
easily translate into the micromolar range on 
the cell surface as a result of two-dimensional 
lateral diffusion (25) and increased stability of 
the I11-length receptor containing the trans- 
membrane domain (26). Indeed, even a 50 mM 
dissociation constant would provide sufficient 
clustering of receptors to substantially enhance 
the low-afiinity second-site EPO-EPOR inter- 
action (6). 

In order to test the biological relevance of 
the crystallographic EPOR self-dimer, experi- 
ments were designed by Remy et al. (27) to 
determine the association state of the unligan- 
ded receptor on the cell surface. These fluores- 
cent protein fragment complementation assays 
readily detect distinct dimeric EPOR configu- 
rations for liganded and unliganded EPOR on 

Nathre EBP I 

20 40 60 80 100 120 140 160 180 200 220 
Rss#ue Number 

to the unliganded receptor dimer interaction and to the site 1 and site 2 
interactions in the EPO-EPObp complex [data from (73)]. 
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living cells and strongly support our model of 
ligand-induced reorganization of the EPOR 
dimer (27). EPOR, and perhaps other cytokine 
receptors (28), would then exist as unliganded 
dirners on the cell surface. The hormone would 
trigger a switch between a self-associated, in- 
active conformation and an active, ligand- 
bourld conformation. Agonists and antagonists 
would then have to consider self association as 
a competing reaction. but small-molecule an- 
tagonists for this family of receptors could now 
be designed to stabilize the inactive dimeric 
form. Finally, plasticity of receptor binding 
sites in ligand recognition is emerging as a 
prevalent theme throughout biology (21, 29). 
The structure' of the human grov$h hormone 
receptor initially showed that the same receptor 
binding site residues interact with completely 
different faces of its hormone ligand (1 6). In the 
EPOR system, the same binding site interacts 
with two sites on EPO (131, various EMPs (1 1, 
12), and now with itself. 
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Erythropoietin Receptor 
Activation by a Ligand-Induced 

Conformation Change 
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Erythropoietin and other cytokine receptors are thought to  be activated 
through hormone-induced dimerization and autophosphorylation of JAK ki- 
nases associated with the receptor intracellular domains. An in vivo protein 
fragment complementation assay was used to obtain evidence for an alter- 
native mechanism in which unliganded erythropoietin receptor dimers exist in 
a conformation that prevents activation of JAKZ but then undergo a ligand- 
induced conformation change that allows JAKZ to be activated. These results 
are consistent with crystallographic evidence of distinct dimeric configurations 
for unliganded and ligand-bound forms of the erythropoietin receptor. 

The erythropoietin receptor (EpoR) shares cludes the interleukins, human growth hor- 
both structural and functional features with mone (hGH), and colony-stimulating factor 
the cytokine receptor superfamily that in- (1, 2) Crystal structures and biochemical 

analysis have led to the generally accepted 
dimerization model of growth factor-medi- 
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receptors remain inactive ligand binds 

Biology and the  Skaggs Inst i tute for  Chemical Biology, to and oligomerlzes the receptors, allowing 
The ~ c r i p p s  ~ e s e a r c h  Institute, 10550 Nor th    or re^ autophosphorylatioll of receptor-associated 
Pines Road, La Jolla, CA 92037, USA. intracellular kinases (3). However, dimer- 
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