
characteristic motifs in their extracellular FU nctional Mimicry of a Protein domains, namely, a pair of conserved disul- 
fide bridges in the NH,-terminal domain Hormone by a Peptide Agonist: The ( ~ 1 ) .  and a wsxws box ( 4 )  in the 
COOH-terminal domain (DZ). Oligomer- 

EPO Receptor Complex at 2.8 A ization of one or more polypeptide chains is 
often essential for forming functional, high 
affinity receptor compl~xes (5). A h i -  

Oded Livnah, Enrico A. Stura, Dana L. Johnson, modimer complex is the active form of hu- 
Steven A. Middleton, Linda S. Mulcahy, Nicholas C. Wrighton, man growth hormone receptor (hGHR) (6 ,  

William J. Dower, Linda K. Jolliffe, Ian A. Wilson* 7), and a similar model has been suggested 
for granulocyte-colony-stimulating factor 
(G-CSF), prolactin, and EPORs ( 5 ,  8). 

The functional mimicry of a protein by an unrelated small molecule has been aformidable Dimerization of EPOR is proposed to lead 
challenge. Now, however, the biological activity of a 166-residue hematopoietic growth to phosphorylation of its cytoplasmic do- 
hormone, erythropoietin (EPO), with its class 1 cytokine receptor has been mimicked by mains by association with Janus kinase 2 ' 
a 20-residue cyclic peptide unrelated in sequence to the natural ligand. The crystal (JAKZ) to trigger the cascade of events that 
structure at 2.8 A resolution of a complex of this agonist peptide with the extracellular results in cell proliferation (9). 
domain of EPO receptor reveals that a peptide dimer induces an almost perfect twofold A family of disulfide-linked cyclic pep- 
dimerization of the receptor. The dimer assembly differs from that of the human growth tides that binds EPOR and functions both 
hormone (hGH) receptor complex and suggests that more than one mode of dimerization in vitro and in vivo as mimetics of EPO has 
may be able to induce signal transduction and cell proliferation. The EPO receptor been identified (10). A consensus sequence 
binding site, defined by peptide interaction, corresponds to the smallerfunctional epitope was determined (1 0) by screening a library 
identified for hGH receptor. Similarly, the EPO mimetic peptide ligand can be considered of random peptide sequences displayed on 
as a minimal hormone, and suggests the design of nonpeptidic small molecule mimetics filamentous phage against immobilized 
for EPO and other cytokines may indeed be achievable. EPOR. EPO mimetic peptide 1 (EMP1) 

[GGTYSCHFGPLTWVCKPQGG] (1 1 ), a 
highly potent member of the family, is char- 
acterized by an intramolecular disulfide 

Erythropoietin (EPO) is the primary hor- Crete domains (named here Dl and DZ), bridge, and contains several residues that 
mone that regulates the proliferation and each containing approximately 100 residues appear frequently in the phage selection 
differentiation of immature erythroid cells that fold into a sandwich consisting of sev- process and affect activity (1 0). Several 
( 1  ). In mammals, EPO is produced in fetal en antiparallel P strands with the topology lines of evidence suggest that the biological 
liver and adult kidney in response to hyp- of an immunoglobulin (Ig) constant do- activity of EMPl is mediated through inter- 
oxia, and circulates in the bloodstream main. Members of the family share two action with EPOR (10). EMPl competes 
where it targets EPO receptor (EPOR) on 
committed progenitor cells in the bone 
marrow and other hematopoietic tissues 
(1 ). Recombinant human erythropoietin is 
widely used in the treatment of patients 
with anemia due to renal failure, cancer 
chemotherapy, and AZT treatment (2). W40 W40 
The EPOR belongs to the cytokine receptor 
superfamily, which includes receptors for 
other hematopoietic growth factors, such as 
interleukins (IL) and colony-stimulating 
factors (CSF), as well as growth hormone 
(GH), prolactin, and ciliary neurotrophic 
factor (CNTF) (3). The structural architec- 
ture of this family of receptors consists of 
three modules: a ligand binding extracellu- 
lar subunit, a single transmembrane region 
and a cytoplasmic domain. Bazan (3) has 
proposed that the extracellular portion of 
this receptor superfamily comprises two dis- 

0. Livnah, E. A. Stura, and I. A. Wilson are in the Depart- 
ment of Molecular Biology and at the Skaggs Institute of 
Chemical Biology, The Scripps Research Institute, 10666 
North Torrey Pines Road, La Jolla, CA 92037, USA. D. L. 
Johnson, S. A. Middleton, L. S. Mulcahy, and L. K. Jolliffe 
are at the R. W. Johnson Pharmaceutical Research Insti- 
tute, Drug Discovery Research, 1000 Route 202, Box 
300, Raritan, NJ 08869, USA. N. C. Wrighton and W. J. Fig. 1. Stereoview of the initial experimental solvent-flattened MIR electron density map at 25.0 to 3.1 
Dower are at Affyma Research Institute, 4001 Miranda 8, resolution, contoured at 1.3 a for residues 25 to 41 with superimposed coordinates from the final 
Avenue, Palo Alto, CA 94304, USA. refined structure. This segment covers P strands A and B in D l  and shows one of the two characteristic 
'To whom all correspondence should be addressed. disulfide bridges [ C y ~ ~ * _ C y s ~ ~ ]  in the first domain of the cytokine receptor superfamily. 
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nl th  EPO in recentor hindlne assays and 
induces cellular pl'oliferation ;lf celi lines 
engineered to he responsive to EPO. Both 
EPO and peptide induce a similar cascade of 
phosphorylation events and cell cycle pro- 
gression in EPO responsive cells. Further- 
more, EMPl has sigllificallt erythropoietic 
effects in mice indicated hy 111 vivo assays of 
nascent red blood cell production (10). 
These combined data support the conclu- 
sion that the peptide agonist, whose amino 
acid seauence is unrelated to that of EPO, 
can hind to and induce a biologically active 
col~forlnatiol~ or assemhly of EPOR. 

Structural analysis of EPOR has been 
facilitated hy the rapid growth of high- 
quality co-crystals of the EMPl cyclic pep- 
tide and the extracellular ligand binding 
fragment (EBP) of EPOR. Our three-di- 
mensional structure of the EBP-EbIP1 com- 
plex provides new insights into ( i )  the fold 
and billding properties of the cytokine re- 
ceptor superfarnily, and (ii) the mechal~ism 
of activation of these receptors. Identifica- 
tion of the EPOR hindine site may also 
provide valuable informatiin toward opti- 
mization of the design and structure of a 
nonpeptide, small molecule EPOR agonist. 

Structure of EBP-EMPl complex. HLI- 

man EBP, collsistillg of residues 1 to 225, 
was expressed in Escherichia coli 2nd puri- 
fied as described (1 2 ) .  Rhomboidal-shaped 
crystals of an EBP colnplex wit11 EMPl 
were obtained (1 3)  in orthorhomhic space 
groLlp,P2,2,2,, with cell paralpeters a = 

59.2 A ,  b = 75.5 4, c = 132.2 4, wit11 two 
EBPs (EBP1 and EBP2) and two peptide 
molec~~les  ino the asymmetric unit and a 
\',, = 2.8 A3/dalton (14) .  The crystal 
s t r lc t l re   as deterlnined by multiple iso- 
morphous replacement (b1IR) nrit11 tn70 
heavy-atom derivatives (Table 1 and Fig 
I ) .  Residues 1 to 2 and 19 to 20 of each 
peptide as well as residues 1 to 9, 21 to 23, 
164 to 166, and 221 to 225 of EBP1, and 
residues 1 to 9, 21 to 23, 133 to 135, and 
221 to 225 of EBP2 shol\~ed little or no 
electron density (15)  and were excluded 
from the structure analyses. 

The EBP lnonolner folds into two do- 
mains, D l  and D2, \vlIich form an L shape, 
nrith the long axis of each domain being 
aligned at approximately 90" to the other; 
the overal! lnolecular dilnellsions are 45 by 
68 by 24 A' (Fig. 2A).  The NH2-termlnal 
domain ( D l ,  residues 10 to 114) and the 
COOH-terminal dolllain (D2, residues 119 
to 220) are connected by a four-residue he- 

lical linker. Both domains are Inore closely 
related in overall topology to fibronectin 
type 111 (FBS 111) domains than to Ig do- 
mains (1 6) .  The FBN 111 fold is colnposed of 
two antiparallel P-pleated sheets, col~sistil~g 
of stral~ds A,  B, and E and strands G,  F, C, 
and C'; it is found in the two donlaills of the 
human growth horlllol~e (7)  and prolactll~ 
receptors (PRLR) (17), the D l  and D2 do- 
mains of the ct chain of interferon-y recep- 
tor (IFS-yRa:) (18), the D2 domain of CD4 
(19), the two domains of tissue factor (ZQ), 
the third fihronectin-type repeat of tenascin 
(21), and the D2 domain of the chaperone 
protein PapD (22). Superposition of equiv- 
alent @-sheet core residues of the D l  and D2 
dolllaills in EBP gives aoroot-mean-square 
deviation (rms) of 2.3 A for 77  Cct pairs, 
a-hich is significantly larger than the cor- 
respolbding domain ove4aps for 11CHhp 
(1.1 A )  and PRLR (0.8 A), and reflects a 
difference in the subclass of fold hetween 
the tnro EBP domains. 

In D l ,  a short a: helix [residues 10 to 2Q; 
see (15)], precedes the first p sandwich that 
is better described as a hybrid of the FBN 111 
fold \\-it11 an Ig fold (residues 24 to 114), 
rather than strict FBN I11 topology. In this 
11-type fold (16) ,  the C' strand is long and 

Table 1. Data collection and refinement statistics. Nat~ve crystallographic 
data were collected on a Semens mutiwire area detector mounted on a 
Elliott GX-18 generator, operating at 40 kV and 55 mA, with a crystal-to- 
detector d~stance of 120 mm Two derivative data sets were collected on a 
MAR Image plate mounted on a Siemens generator operating at 50 kV and 
80 mA. with a crystal-to-image plate distance of 150 mm. Data were lnte- 
grated, scaled. and reduced w~th the programs XENGEN (51) for the native 
data and DENZO and SCALEPACK (52) for the derivative data. Inltial multiple 
solnorphous replacement anomalous scattering (MIRAS) phases were cal- 
culated to 3, l  A by means of the program package PHASES (53) with a mean 
figure of mer~t of 0.64 (25 0 to 3.1 A). Phases were refined In PHASES with the 
solvent flattening protocol to a mean figure of mer~t of 0.92 (25 0 to 3.1 A). 
The quality of the map was generally good (Fig. 2), and 94 percent of the 
complex structure could beftted wth the use of the graphlcs program O (54) 
The reg~ster of the amino acid residues was verified from the posit~ons of the 
two dsulfde br~dges n Dl, and the positons of the two Hg's from the 
mercury acetate (HgAc,) dervatve, which were correctly assumed to bind to 
the free Cysl" res~dues. The peptide ~nterpretat~on was ver~f~ed from another 

data set from a complex between EBP and an lodinate4 peptide (Tyrp4 was 
substituted by p-iodo-Phe), whch diffracted to 3.3 A resolution. that in 
difference Fourier (F,o,lo - Fn,.)a,l,,, ind~cated the locat~on of the Iodine 
atoms (55). The structure was refned by means of the slow-cooling protocol 
in X-PLOR 3.1 (56) and rebult with F, - F,. 3F0 - 2Fc and SGMAA weighted 
(57) electron density maps. After every two cycles of refinement, a set of 
simulated anneal~ng omit maps (7 to 10 percent) to reduce model bias was 
calculated. and the entire structure was rebult. After several cycles of ref~ne- 
ment, individual temperature factors were calculated and after te? cycles of 
ref~nement and model building. the Rvaue was 0 21 for 8.0 to 2.8 Adata with 
F > 1 tr (13.984 reflections). The average thermal parameters for EBPI, 
EBP2, and the peptide dimer are 10 5. 12.3. and 10.7 A', respectively. Only 
one nonglyclne residue [AsnlW In EBP21, located in a weak electron denslty 
loop regon in D2, 1s in a d~sallowed reglon n the Ramachandran plot. No 
solvent molecujes were included In the model because of the moderate 
resouton (2 8 A) of the structure determination. The coordnates have been 
deposited in the Proteln Data Bank (58) and are on hold until 1 year from date 
of publ~caton 

Data set Resojution Reflections Completeness S~tes Phas~ng Reso!ut~on 
(A) (No.) (No.) S O  Rc-I IS::: R<ra,,- (A) R":lr+ 

Native 25.0-2.8 141 58 0.93 (0.91)11 0.05 
HgAc2 25.0-3.0 11496 0.93 (0.91) 0.10 2 0.102 0.56 0.114¶ S O  1.87 3.1 

0.100= Ano 1.35 4.0 
UO,(NO,), 25.0-3 0 11931 0.96 (0.94) 0 14 4 0 116 0.62 0 1371 Is0 1.95 3 1 

0.114= Ano1.72 3 9 

Ref~nement statstcs rms from deal values Average 5 value (A2) 
Total number R value 

Resojution Reflect~ons of atoms (Rfl Be) Bond Bond 
(A) F >  ltr length angle 

EBPl EBP2 Peptides 

xR,:,.T = X I - cli/X I. Average //a for nat ve data s 13 3 [2 7 n the outer shell (2 9-2 8,411 .:RlSc = 2 IF,, - FpI/TFp -,:Rcdll,s = X llFpi ? F,l - FH~c~lcl~/T~Fpi - Fpl 
for a centkc reflect ons. SPhas ng po:uer = {T F,,,c,lc12/ 2 IFpH o,,s, - F,,cec,23'2 Frr,.... - Fp,c,li st l ie lack of closure error to mar mum resout on ndcated. Fractonal 
completeness of data n the outer shell for the naive (2 9-2.8 A) and dervatves (3 1-3 0 A). 7R,,,,,. = T FP,,,,, - Fp,,c,c / I  FPit,,,, for a acentrc refectons (~sornorphous 
case). =R ,,,,,, = X F - p,,,,,, - F +,, ,,lc + I F p H  ,,,, - F-pHt,,lq/ X IF -, - F-, ,,o,sll for a acentrc refectons (anomalous case) Mean f gure of l r e r t  = 

<I P(a)~-'~~lXPlcu)I> where Pis) IS the pha'<e i robab~l ty  



interacts first with strand C and then 
switches to interact with strand E (where 
.C' changes its designation to strand D) 
forming a four-on-four strand p sandwich 
(Fig. 2B). Dl contains the two conserved 
disulfide bridges linking CysZR (PA) to 
Cys3' (PB) and Cys67 (PC') to CysR3 (PE). 
The number of residues between the cys- 
teine pairs that form the two disulfide bridg- 
es are 9 and 15 for EBP, compared to 9 and 
10 in both GHR and PRLR. The longer 
connection between strands C' and E en- 
ables the second half of strand C' to be- 
come strand D. This h-type topology is not 
found in either of the two s-type GHR 
domains. A potential glycosylation site ex- 
ists on residue Asn5' which is located to- 
ward the end of the loop region connecting 
the PB and PC strands. Although Asn5' is 
not glycosylated in this bacterially ex- 
pressed protein, an external cavity around 
the Asn5' side chain could easily accommo- 
date a carbohydrate moiety (Fig. 2A). 

A helical linker (residues 115 to 118) 
connects Dl to D2 (23) and has been ob- 
served in other family members, hGHbp, 
PRLR, IFN-yRa, and tissue factor. In EBP, 

the domain association is further restricted 
by a mixed assortment of hydrogen bond- 
ing, hydrophobic interactions, and one salt 
bridge (between Arg31 and AspIZZ) from 11 
residues of Dl and 12 residues of D2 yith a 
total buried surface area (24) of 950 A2 for 
the two domains. 

D2 (residues 119 to 220) folds into the 
standard FBN I11 (s-type) topology with one 
free cysteine and no disulfide bridges, con- 
sistent with GHR and PRLR that have 
three and two disulfide bridges, respective- 
ly, in Dl but none in D2. After the a helix 
linker, D2 begins with an irregular coil (res- 
idues 118 to 126) that contains ProIz4, 
which is structurally conserved in hGHbp, 
PRLR, tissue factor, and IFNy-Ra, and, on 
the basis of sequence alignment, in most 
class-1 and class-2 cytokine receptors (3). 
This short coil ends with GlyIz6, which has 
a positive 4 (4 ,  + - 52", 40") consistent 
with the equivalent Ala136 and AlaIo1 tor- 
sion angles in hGHbp (4 ,  + - 63", 68") 
and PRLR (4 ,  + - 58", 38"). The Pro1z4 
region forms an analogous extended bulge 
conformation adjacent and parallel to a cor- 
~esponding bulge containing the WSXWS 

~twroleculesinthedimerm~h&andblueandthadimer[cpepbide 
ligandingreenish-bluewdmauve.ThaWSAWsequenceineach~ 
molecule is hdbted.TheZhreFt-residuecomection betwm thea heiixandthe 

motif. The WSAWS sequence forms a 
modified wide P bulge (25) and is located in 
an extended chain region immediately pre- 
ceding the PG strand that would normally 
connect to the membrane-spanning region 
of EPOR (Fig. 2A). 

The quaternary structure of the complex 
is composed of two peptides and two recep- 
tors that form a T-sha~ed assemblv. A non- 
covalent peptide dimer interacts with two 
receptor molecules to generate an almost 
perfect twofold symmetrical arrangement 
(Fig. 2A). After superposition of D2 of the 
two EBP molecules in the dimer. the ten- 
ters qf mass of the two Dl domains are only 
0.8 A apart, which is sufficient to perturb 
perfect twofold symmetry. Separate super- 
position of the corresponding Dl and D2 of 
each receptor in tbe dimer results in rms 
deviatjons of 0.53 A (105 Dl Ca pairs) and 
0.47 A (93 D2 Ca pairs). 

The cyclic EMPl contains a single disul- 
fide bridge between CysP6 and Cysr15, 
which links two short P strands (residues 4 
to 7 and 13 to 16) that are connected by a 
slightly distorted type I P turn (26) consist- 
ing of residues GlyP9-ProP10-Leur11-Thrr1Z 

first strand in Dl is mpmtmted by a H m  daEhed line which imkat6s th&t ihea~~ 1- 
residues are not obsmxt in the EMPI canpiex but haw been modeled kwn 
~ n ~ t h e r E B P c o m p l e x j l t i ) . f h e p g b a n d s i n ~ ~ ~ ~ & e s  
a n r J a d ~ i n t h e ~ t h e y a p p e a r i n t h e ~ . l l w f w r E B P ~  

a 

thathrteractwiththe~~amlabekrdhMackesLI,L3, L5,andMmd 
t h e t w o a d d i i p u t a W ~ ~ L 2 ,  L 4 , f a r E P O a s a ~ a m ~ i n  
p v p l e , T h e s i d e ~ c 4 ~ ~ , w H e h i s a p o t e r r t i a l ~  a & , P h e ,  the~bridgetohighlightthebur~antipEualel$sheetformedby 
W h i d . l ~ r o u l d t o b a n ~ a i d e ~ f o r h i g h ~ E P O ~ a n d  p8p#le-p8pbid8dknerbation.Thetwomresiduas(lto2,19to20)at 
t h e f w e ~ 1 a a m ~ i n b k f f k l h @ f @ r e w 9 s ~ w i t h ~  ~ t e m J n i a m n a d ~ h t h e e l e c a o n ~ m a p , a n d t h e p e p t i d e  
[ . W ) . ( ( C T h e T h e d h n e r k : s t ~ e d E M P l ~ a s s e e n h t h e  ~cqlsistsof~3to18.(B)TapdogiEaldiagamafthetwodo- 
EW-EMPlmmplex .TheM~shaws thedOseas sac i a t i on~  mainsajthea3Pmdeaae,D1~ajmh-typefoldarrd~ofmotVpe 
theTmplgsideoheins~$lektvD~(~andcyan).(whichmat fdd(tg.hepositknsofthehmreaidueaaremhgeenbars. 

a a D n s u v i l M n t h e ~ ~ . W ~ \ k & v b ~ b y r n a k n g t h e  ilsnehralEmligEmd,bssedsnthe~dM3H-hGHbp(7)andhOH- 
h o r i w n t a l a w i s o f t h e ~ b a o l d x n a : a l s i d e c h e i n a ~ ~ ~ f o r  P R L R ( l m , m m n i 7 d 8 n d l a b e l e d L 2 L 4 .  
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(Fig. 2C). Each peptide has a very close 
association w i t 6  its other pep ide  partner 
and buries 320 A2 o f  its 1220 A2 molecular 
surface in this interaction (24). Four hydro- 
gen bonds between the main chains o f  the 
two peptides result in formation o f  a four- 
stranded, anti-parallel P-pleated sheet (Fig. 
2 C  and Table 2). T w o  symmetric hydro- 
phobic cores are assembled by peptide 
dimerization and are comprised o f  the disul- 
fide bridges and the side chains o f  TyrP4, 
PheP8, and TrpPI3. The  construction o f  
each hydrophobic core resembles a box and 
places the aromatic rings o f  PhePs, TrpPl3, 
and TY~" '~ ,  (from the other peptide) and 
the disulfide bridge (CysP6_Cysp15) at the 
corners (Fig. 2C). The  two glycine residues 
at either end o f  the peptide are n o t  ordered. 

The  peptide dimer is embedded in a deep 
crevice between two EBP receptor mole- 
cules (Figs. 2 A  and 3). A port ion o f  each 
peptide monomer interacts w i th  both re- 
ceptor molecules (Fig. 3). The  binding sites 
o f  each EBP are practically identical as a 
result o f  the twofold symmetric interactions 
imposed o n  binding the peptide dimer. The  
four major contact areas o n  EBP come from 
segments o n  four loop regions ( L l ,  L3, L5, 
and L6) that connect strands A to  B ( L l ,  
residues 33 to  34) and E to  F (L3, residues 
90 to  94) in D l  and strands B to  C (L5, 
residues 148 to  153) and F to  G (L6, resi- 
dues 203 to 205) in D 2  (Figs. 2, A and B, 
and 4A).  The  areas o f  buried molecular 
surface (24) in $e peptide-EBP assembly 
are 840 and 880 A2 for the two peptides and 
EBPs, respectively. The  peptide-EBP inter- 
action can be separated in to distinct hydro- 
phobic (67 percent) and polar (33 percent) 
areas. A hydrophobic core is formed be- 
tween the peptide and receptor and com- 

Fig. 3. Complementarity of the EBP and EMPI 
surfaces in the complex. (A) A surface represen- 
tation with GRASP (50) of each component is 
shown with the peptide dimer moved out from the 
binding site. The white surfaces represent contact 
areas on receptor and peptide dimer with surface- 
to-surface distances less than 2.5 A. Blue and red 
colors represe?t distances of 2.5 to 5.0 A and 
more than 5.0 A, respectively. The peptide dimer 
fit tightly into the V-shaped binding site, which has 
relatively flat sides without any major cavities. The 
receptors are held together by interaction with the 
peptide dirner, since the receptor-receptor con- 
tact area (Leu175, Argl 78) is negligible (75 A') com- 
pared to each peptide-receptor binding site inter- 
action (420 A"). An additional surface representa- 
tion of the peptide dimer coloring the individual 
peptides in red and blue is shown on the upper 
right-hand side to emphasize the contribution of 
each peptide to the binding site of each receptor 
molecule. (B) a 90" rotated view along the vertical 
axis from (A). 

prises Phe93, Met1'', and Phezo5 from one 
EBP molecule and the peptide hydrophobic 
box consisting o f  PheP8 and TrpPl3 from 
one peptide and T Y ~ ' " ~  and from the 
other peptide. The  polar interactions are 
located chiefly at the bot tom o f  the binding 
crevice and are mainly w i th  loop L5 in D2. 
Five o f  the six hydrogen bonds are between 
the main chain o f  the p- turn residues Glypy, 
Prop'o, and LeuP" from one peptide w i th  
the main chain and side chains o f  residues in 
loop L5 o f  EBP. The other hydrogen bond is 
from the side chain hydroxyl o f  the consen- 
sus sequence TY~" '~ ,  which crosses over its 
other ~ e ~ t i d e  partner (Fig. 2C), to  interact 
w i th  loop L3 (Table 2). The  EBP1-EBP2 

Table 2. Hydrogen bond interactions in the bind- 
ing site of the EBP-EMPI complex. Because of 
the symmetrical nature of the complex, each bind- 
ing site has equivalent interactions. The hydrogen 
bond interactions were based on both distance 
(3.9 A cutoff) and geometrical considerations, with 
the use of HBPLUS (59). 

Res~due number 

Fig. 4. Comparison of the binding determinants 
and buried surface areas (24) in the ligand-recep- 
tor interfaces of EBP-EMPl and hGHbp-hGH; (A) 
Residues of EBPl (top) and EBP-2 (bottom) that 
interact with the peptide dirner are distinguished 
by black and gray, respectively, to show the con- 
tribution of each peptide in the dimer to the buried 
surface of the receptor. Both peptides of the 
dimer contribute to each binding site such that the 
interface with EBPl , for example, consists mainly 
of residues from peptide 1 (L1 , L5), peptide 2 (L3) 
or both (L6) and vice versa for EBP2. (8) Equiva- 
lent residues on the hGHbpl (top) and hGHbpll 
(bottom) that interact with hGH. The six interacting 
loops (L1 to L6) of hGHbp are shown in black with 
residues that contribute significantly to the binding 
energy (43) color-coded by red >4.5 kcal/mol 
and blue 1 to 3.5 kcal/mol. The EBP and the 
hGHbp were structurally aligned, so that the hor- 
izontal axis in hGHbp shows the EBP residue 
numbering. 

Fig. 5. Nonreducing SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE) of DPDPB crosslink- 
ing of EBP in the presence and absence of EMPI. 
EBP and EMPI were incubated together in the 
presence and absence of the homo-bifunctional 
sulfhydryl-reactive crosslinking reagent DPDPB in 
matched reagent mixtures. Only in the presence 
of crosslinker was formation of a higher molecular 
weight species observed. Lane 1, molecular 
markers; lane 2,22 pM EBP; lanes 3 to 5,400,40, 
and 4 pM EMPI, respectively, with 22 pM EBP 
and 1.1 mM DPDPB, respectively; lane 6, no 
EMPI, 22 pM EBP, 1 . I  mM DPDPB; lane 7,400 
pM EMPI, 22 pM EBP, no DPDPB; lane 8, 400 
pM EMPI, no EBP, 1.1 mM DPDPB. The molec- 
ular mass of EBP is calculated at 24,724 daltons 
and the apparent dimer product appears between 
the 43- and 63-kD markers. 
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interaction contributes little to the overall functional sulphydryl reactive crosslinker 
stability of the complex where the buried DPDPB (27), [1,4-di-(2'-pyridyldithio 
molecular surface area between the recep- propionamido)butane]. A dimeric EBP 
tors is only 75 A2 (Fig. 3A). product was formed only on co-incubation 

To  explore the interaction of EMPl of EMP1, and EBP with DPDPB (Fig. 5). 
with EBP in solution, we employed a bi- The crosslinked product was readily re- 

HGHR PRLR 

EPOR : ~ s H .  . . IRYNDVS~GNGAGSVQRVE ~ T R Y T F A V R A R M A E P S F G G ~ E P V  
GHR -1QKGWMVLEY'ELQYKEVNETKWK. MMD KEXEWRVRSK. . . QRNS-SEVL 
PRLR "LKTGWFTLLYIIEILXP-. IHF ' m ~ m ~ ~ ~ ~ ~ .  . . . PDHGMIBU~~PAT 

Fig. 6. Comparison of the WSXWS box and its structural vicinity in EPOR, GHR, and PRLR with 
corresponding sequence alignments. The side chains of different residue types are color-coded with 
aromatic (brown), positively charged (blue), negatively charged (red), serine (yellow), glutamine (pink), 
and alanine (white). In the receptor sequence alignment (bottom of figure), the equivalent residues are 
color-coded blue (positively charged), red (glutamic acid and glutamine) and brown (the WSXWS box 
and other tryptophans in the extended T-cation system). The T-cation system in EPOR consists of only 
one arginine and two tryptophan residues, which may explain the extremely low tolerance of mutating 
each of the tryptophans even to other aromatic residues (37.39). Although one of the serine residues in 
replaced by a glycine in the HGHR, the structure of the p bulge of the WSXWS box is maintained. In the 
HGHR (7) and PRLR (1 7), the T-cation system is more extended than in EPOR, and can be considered 
as two subsystems with PheZz5 in HGHR and Trplg4 in PRLR at the interface between tFem. In the 
conserved T-cation system (top), the stacking of the conjugated residues are at -4.0 A spacings, 
whereas, in t h ~  additional T-cation system in GHR and PRLR (below), the conjugated residues are 
spaced -3.6 A apart. Additional Arg residues in HGHR and PRLR are contributed either from the pF 
strand as in hGHbp (ArgZ1') or from PC as in PRLR (Arg147); the glutamine residue that hydrogen bonds 
and orients the arginine also switches strands. Sequence alignments suggest that this Arg-Gln switch 
could be common to other members of the class-1 cytokine receptor family. 

Fig. 7. Two biologically active dimeric arrangements seen in class 1 cytokine receptor complexes. (A) 
The individual EBP-EMP1 and (B) hGHbp-hGH complexes (7) are shown with their respective ligands in 
blue and receptor in red and green, respectively, to highlight'the difference in size and shape of the 
peptide and hormone ligands that induce receptor dimerization. (C) EBP (red) and hGHbp (green) dimers 
superimposed only on one 02 from each dimer with the ligands omitted for clarity. This superposition 
illustrates not only the large difference in the dimer configuration between the two complexes, but also 
slightly different interdomain orientation in each receptor molecule. Two loop regions are missing in Dl 
of each hGHbp subunit (7) and one Imp region in D2 of each EBP molecule (45). 

versible by reduction (28). The two equiv- 
alent Cysl" residues in D2 of the EBP 
dimer are 20.7 A apart [Sy;Sy distance], 
which approximates the 16 A length [and 
approximately 2 A bond length at each end] 
of the DPDPB crosslinker. Furthermore, we 
constructed a covalently linked dimeric form 
of EMPl that had increased biological poten- 
cy (29). Thus EMPl mediates formation of a 
soluble EBP dimer complex in solution con- 
sistent with the crystal structure. 

EMPl is one of a family of sequences that 
contain several conserved residues, besides 
the cysteines (10). EMPl evolved from a 
peptide [AFl 1 154; GGCRIGPITWVCGC] 
(1 1) that had low binding affinity (IC,, of 
approximately 10 kM) toward soluble 
EPOR (sEPOR) (10). This peptide already 
contained the sequence GPXTW which is 
involved both in peptide-receptor [Gly-Pro- 
X-Thr; type I P turn] and peptide-peptide 
[Trp] interactions (Fig. 2C). The next gen- 
eration of peptides had a consensus sequence 
YXCXXGPXTWXCXP, which showed both 
increased binding (ICS0 0.2-1 kM) and bi- 
ological activity. The introduced tyrosine 
side chain, along with the Trp, plays a key 
role in peptide-receptor interaction and 
dimerization (Table 2). In addition, the Tyr, 
Trp, and disulfide bridge make the major 
contribution to the hydrophobic core of the 
peptide dimer. 

The WSXWS motif. The WSAWS se- 
quence (residues 209 to 213) occurs in a f3 
bulge (25) immediately preceding P strand 
G in D2 (Figs. 2A and 6) and adopts a 
polyproline type I1 helix conformation (30). 
This motif does not appear to play any role 
in ligand binding or receptor-receptor inter- 
action (Fig. 2A). The WSAWS box repre- 
sents only a segment of a complex array of 
interactions that includes several other 
conserved side chains from the four-strand- 
ed f3 sheet in D2 (Fig. 6). Se?lo and Ser2I3 
form hydrogen bonds with the main chain 
of residues 198 and 196 of adjacent strand F 
in a pseudo-P-sheet type interaction that 
resembles a modified wide P bulge (25) 
where the side-chain hydroxyl rather than 
the carbonyl oxygen makes the P-sheet in- 
teraction. The polyproline type I1 architec- 
ture places the two Trp residues, which are 
three (i, i + 3) residues apart, on the same 
side of the f3 sheet and not on opposite sides 
as in standard p-sheet or extended chain 
structures. The guanidinum group of Arg197 
from strand F, the central residue (25) in the 
bulge, is positioned exactly between the two 
Trp indole rings to form an extended IT-cat- 
ion system (31). The three conjugated sys- 
tems (32) are stacke! parallel to each other, 
at approximately 4 A spacings, such that the 
center of the pyrrole ring of TrpZo9, the NE 
of the Arg197, and the center of the benzene 
ring of TrpZl2 are aligned. The side chain of 
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Glulii  forlns a hydrogen bond \vith Argl"' 
and presumably influences the orietltation 
of the guanldlnium group. In  addition, the 
allrhatic nortioll of the ArplOO side chain u 

makes hydrophobic contacts with the illdole 
rille of Tr13"~. 

T h e  s t r~lc t~lra l  equivalents of the  
WSXWS motif in hGHbp (YGEFS) and 
PRLR (PISAWIS) take part in a n  even 
Inore intricate anci c o l n ~ l e x  array of T-cat- 
ion i~lteractiolls (Fig. 6 ) .  T h e  extended 
5-cation system 111 hGHh13 and PRLR con- 
slsts of three arolnatic grcxlps that stack 
between five positivelv charged residues. 
T h e  aliphatic portions of the outermost ly- 
s n e  side chains also fort11 hydrophobic in- 
teractions with the aromatic rings (Fig. 6 ) .  
A serme or threonine in positions 2 and 5 
(33)  lnaitltaill a coininon set of hycirogen 
llonds betmeen their slcie chain hydroxyls 
and the t l lail~ chai11 of the neiphborine u 

stratld (Fig. 6 ) .  S e q ~ ~ e n c e  alignments and 
s t r~~c tu ra l  mocielitle 134) of other class-1 

L, , 

cytokine receptor superfamily inenlhers s ~ g -  
gest that extended n-cation svstelns co~l ld  
exist in human thrombopoietin, IL-6, cili- 
ary neurotrophic factor, and human IL-4 
receptors (35).  

Conser\~ation of the WSXWIS lnotif in  
EPOR or its equivalent 111 other lnelnbers of 
the class-1 cytokine receptor family has 
lleen proposed to be essential for biological 
activity and was thus assumed to be part of 
the receptor billding site (36,  37) .  For 
EPOR, a systetnatic study of 100 mutations 
of the WSXWIS secruence demonstrates 
that most of the  mutations of the  two tryp- 
to~ha11 and serine resiciues 138) res~llteci in 
m~lecu les  that did not reach'the cell surface 
11~1t were retained in the  elldoplaslnic retlc- 
L I ~ L I ~  (39) .  Furthermore, a n  Ala2" to Glu 
ln~l ta t ion resulted 111 better transportation 
from the ER to the Golgi and three to five 
tilnes the number of EPOR molec~~les  that 
reach the cell surface (39) .  These results 
now indicate a role for the WISXWS box in 
the  folding and transport of receptor to the 
cell surface. 

Comparison with other cytokine-recep- 
tor complex structures.  T h e  overall quater- 
nary structure of the peptide-EBP colnplex 
differs from the equivalent arrangement in 
the hGH-hGHbu comnlex. T h e  nonsvm- 
metric nature of the  single four-helix bun- 
dle structure of the  growth hormone ligallii 
results in a n  asylninetric homodimeri:atio~~ 
of the receptor that correspollds to a rota- 
tion of 159" betneen receptors compared to 
the  almost perfect t~vofold (180") rotation 
for the  EBP-peptide coinplex (Fig. 7 )  (4C). 
T h e  tertiary arrangement of domains vrithin 
EBP and 11GHhp is also some~vhat different. 
W h e n  the equivalent EBP and hGHbp D2 
iiotnaills are superimposed o n  each other, 
their correspolldil~g D l  donlains dlffer by a 

12" rotation anci a 4.3 '4 translation. 
A sequential mechanism of hGH bind- 

illg to its receptor has been \yell character- 
ized ( 6 ) .  Initial high-affin~ty ( n M )  binding 
of the hormone with the first receptor 
hGHbpJ results in a l~uried surface area of 
113C A' o n  the receptor. T h e  seco~ld 
hGHhp2 has a substantially smaller inter- 
face (7)  with the secolld b i t l d i ~ ~ g  site CIII 

h G H  and interacts onl\i with the  preformeci 
( 1  : 1 )  colnplex to generate buried purface 
areas of 740 A' with hGH and 440 A' with 
the first 11GHbpl (7). T h e  llinding deter- 
tllillants of each hGHllp consist of six rec- 
ogllition loops (L1 to L6) (Fig. 4B) ,  three of 
which (L1 to L3) come fro111 one end of the 
P-sandwich structure in D l ,  one from the 
illterdomaitl linker, and two fl-om D2. 

A l t l ~ o ~ ~ g h  EBP-EMP1 and 11GHbp-hGH 
co~nplexes have different dimeric arrange- 
ments, ~vh ich  in this case prol~abl\i repre- 
sent differences in the size and shape of the 
natural hormone compared to the  synthetic 
peptide, both receptors share equivalent li- 
gand recogt~itiotl loops, L1, L3, L5, and L6 
for EBP and L1 to  L6 for 11GHbp (Fig. 4 ) .  A 
nonactive PRLR, complexed with ollly one 
molecule of hGH, also uses the  same con- 
tact loops ( L l  to L6) (17).  Froin the simi- 
larity of the  ligand recogtlitiotl sites 111 

11GHllp atlei PRLR, we n o ~ ~ l d  expect that 
the  binding site of EBP, whet1 its llat~lral 
EPO ligat~d is bound, would include t ~ v o  
additional loops, L2 and L4 (Flg. 2) .  These 
SIX loops in EBP, hGHbp,  and PRLR are 
thus in s t r~~ctural ly  eiluivalent positions k7~1t 
vary in size, alllitlo acid compositiot~ (41 ), 
atlei conforination, a l t l ~ o ~ ~ g h  the interacting 
portions of each loop (side or tip) relnain 
slmllar; L1, L2, L3, and L5 interact mainly 
with their tips, and L6 interacts with its 
side. In  one respect, this slt~latiotl 1s silnilar 
to the complementarity-deter~llillit~g re- 
gions (CDRs) in antibodies, where changes 
in length and sequence of the six billding 
loops iinpose specificity for different anti- 
gens, 11~1t the  framework itself relnams con- 
stant (42) .  

For the hGHbp-hGH complex, only a 
subset of 9 out of 33 interacting residues 
that make up the structural epitope of the  
receptor constitute a "hot spot" or function- 
al epitope (43),  the site of high affinity 
binding interaction. This f ~ ~ n c t ~ o n a l  
epitope 1s sulxtantially sinaller than the  
structural epitope and collsists of residues 
Arg", GILl", Ilel", Trpl"', Ilel", l'rc1106, 
Asp"', and Trpl"', \vhich are locateii in 
contact loops L1, L3, and L5 with the high- 
est binding energy (>4.5  kcal/mol) colnillg 
from two aroinatic resiiiues (TrplG4 and 
Trpl")) 111 L3 and L5 (Fig. 4 )  (40) .  In  EBP, 
Phe9' is equivalent to Trpl" in hGHbp,  as 
s ~ l ~ g e s t e d  (43,  44) ,  but there is n o  hotnol- 
ogous residue to Trpl" "1 the  shorter L5 

loop. I11 the  EBP-EhlPl complex, the Pher" 
peptide aromatic side chain occupies the 
equivalent position of the Trpl" sslile chain 
111 11GHllp. W h e n  EPO blniis to its recep- 
tor, the hormone pres~lmably may provide 
an  arolnatic residue to the l ~ y d r o ~ l ~ o l ~ i c  
core of the binding interface, or the  L6 loop 
in EBP lnay play a inore significant role in 
the  hormone hil~clit~g than in hGHbp be- 
cause it is three residues longer and con- 
tains the aromatic P l ~ e " ~ .  

These three class-1 receator structures 
all have some exposed loops that are disor- 
dered 145). Otherwise, these receL3tors have 
broadly similar tertiary structures such that 
the  angle between the  long axes of the  D l  
and D2 domains is approximately 9C0. This 
arratlgenlellt of dolnait~s allovrs the  loops L1 
to L6 to 1.e availallle for the recognltlon atlii 
bil~clitlg of liga~lds (Fig. 2A) (7 ) .  I11 the 
IFN-yRa-IFN-y complex, D l  and D2 are 
related by 125", which restricts the  llinciing 
deter ini~~at l ts  that are available for ~nterac-  
tion with hormone; the  L1 loop llecomes 
l~uried in the Dl-D2 interface, although the  
other five loops (L2 to  L6) are still available 
for liganii interactiotl (18). This elongated 
illterdolnail~ arra t~geme~l t  is also olxerved 
ill the blood coagulation tissue factor (2C) 
~vh tch  is a distant relative of the cytokine 
receptor superfamily. 

A mutational analysis of the EBP mole- 
cule llldicates that a crucial residue for bind- 
ing EPO is Phe"' in the L3 loop (44). T h e  
F93A mutant sho~vs a iiecrease in billding 
to EPO as detected by an  IC,, lCOC times 
hlgher than wild-type, whereas other mu- 
tants (S91A, S92A, V94A, M150A, and 
H l 5 3 A )  ( I  I )  have only stllall relative in- 
creases (2.5 to 12.5) in their !Cja (44).  T h e  
side chain of Phe9' buries 66 A' of molec~~la r  
surface, 1vhic11 is the highest among interact- 
ing side chains. In  hGHbp,  the correspond- 
ing W104A mutation results in a 2500 tiines 
increase in the K,, llldicating its key contrl- 
bution to the hydrophobic core of the filnc- 
tional epitope (43,  46).  

Toward design of small ~nolecule  mi- 
m e t i c ~ .  In  the EBP-EMP1 co~nnlex struc- 
ture, we observe that a peptide, ~~l l re la te i i  in 
sequence atlei probably in structure to  the 
nat~lra l  ligand, call ~ n d u c e  a biologically 
active diineriratioll of EPO receptor that 
promotes signal transiiuction and cell pro- 
liferation. Comparisol~ of three class-1 cy- 
tokine receptor co~nplexes suggests that 
~ v h e n  the natural EPO hormone, ~vh ich  
rnav have a structure of a four-helix bundle 
( 4 i ) ,  induces receptor dimerization, it is 
inore likely to reseml~le the  h G H - h G H l x  
assemblage. More than one mode of produc- 
tive extracell~llar dinlerisatioin may then be 
perinissive for the intracellular L 1' l~nerization 
of the  cytoplasinic domaills \vith two JAK2 
rnolec~lles (9) .  T h e  EBP-peptide structure 
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would represent only one possible dimeric 
arrangement that promotes signal transduc
tion. Mutant EPOR molecules, containing 
a single Arg to Cys mutation (Arg130 in 
human and Arg129 in murine), form biolog
ically active dimers in the absence of EPO 
(48), suggesting that extracellular receptor 
homodimerization may be sufficient in itself 
for signal transduction. 

The structure of the EMP1 dimer dem
onstrates that a peptide considerably small
er than the natural hormone can act as an 
agonist and induce the appropriate biolog
ical response (10). The peptide can be as
sumed to form a substantially smaller con
tact interface with the receptor compared 
to the natural hormone. The peptide bind
ing site in EBP forms an almost flat surface, 
which is mainly hydrophobic in nature, 
without any cavities or charged residues 
that are normally essential for the specific 
targeting of small molecule ligands to a 
receptor binding site. The hGHbp study 
(43) showed that only a small part of the 
observed structural binding site, the so-
called functional epitope (43), contributes 
most of the binding energy and implied that 
a "minimized" hormone designed to inter
act with this site should form sufficient 
interactions to activate the receptor. Using 
a strategy designed initially to identify pep
tide binders from a phage display system 
(10), the EPO peptide mimetic surprisingly 
appears to have the characteristics of a min
imal hormone. Furthermore, the limited 
site of interaction of the agonist peptide 
with EBP corresponds almost exactly to the 
smaller functional epitope derived from ala
nine scanning of hGH and hGHbp (43) 
(Fig. 4). Thus, by different means, we too 
have arrived at the conclusion that a small 
number of key interactions can contribute 
to a functional epitope on a receptor. Un
derstanding of this simplified interaction 
surface can now be combined with further 
mutational and structural studies to assist in 
identifying the most crucial residues in the 
functional epitope, and consequently pro
vide a practical target for drug design. 
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