
NADH can be transferred into mitochondria 
through the NADH shuttles, and concomitantly 
it leads to an increase in [Ca2+],  after the 
formation of mitochondria1 membrane poten- 
tial; thereby activating pyruvate oxidation in the 
TCA cycle. The NADH shuttles thus would 
contribute to sufficient ATP generation to trig- 
ger glucose-induced insulin secretion. When 
NADH shuttles are halted; the activity of the 
TCA cycle is also decreased by -SO%, at least 
in part because of concurrent inhibition of Ca2+ 
entry into mitochondria. The resultant severe 
decrease in mitochondrial ATP synthesis to 
-25% of the normal state no longer maintains 
glucose-induced insulin secretion (Fig. 4C). 
Thus, defects.h the generation of mitochondrial 
metabolic signals through the NADH shuttles 
might contribute to the impairment of glucose- 
induced insulin secretion seen in non-insulin- 
dependent diabetes inellitus. 
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Conserved Structures of 
Mediator and RNA Polymerase !I 

Holoenzyme 
Francisco J. Asturias,* Yi Wei Jiang, Lawrence C. Myers, 

Claes M. Gustafsson,? Roger D. Kornberg: 

Single particles of the mediator of transcriptional regulation (Mediator) and of 
RNA polymerase II holoenzyme were revealed by electron microscopy and 
image processing. Mediator alone appeared compact, but at high pH or in the 
presence of RNA polymerase II it displayed an extended conformation. Ho- 
loenzyme contained Mediator in a fully extended state, partially enveloping the 
globular polymerase, with points of apparent contact in the vicinity of the 
polymerase carboxyl-terminal domain and the DNA-binding channel. A simi- 
larity in appearance and conformational behavior of yeast and murine com- 
plexes indicates a conservation of Mediator structure among eukaryotes. 

Mediator was isolated as a complex of nearly 
20 proteins required to support transcriptional 
activation in a fully reconstituted yeast RNA 
polymerase I1 transcription system (1, 2). Me- 
diator subunits fall into three groups: Srb pro- 
teins (3), a Sin4Rgrl group shown to form a 
distinct module that h c t i o n s  in repression as 
well as in activation (4, 5), and a group of 

proteins termed " M e d  for Mediator (5). A 
related complex, containing four homologs of 
yeast Mediator subunits, has been isolated froin 
inurine cells (6). Yeast and murine complexes 
interact with RNA polymerase I1 through the 
polymerase's COOH-terminal domain (CTD) 
to form a 1.5-MD holoenzyme (2, 3, 5). We 
report here on the structures of Mediator and 
the holoenzyrne as seen in projection. 

Yeast Mediator, resolved to homogeneity as 
Department of Structural Biology, Fairchild Building, 
Stanford Universitv School of Medicine, Stanford, CA described (7, was adsorbed to carbon-coated 
94305, USA. grids and negatively stained with uranyl acetate 

*Present address: Department of Cell Biology MB 25, 
for imaging in the 

The Scripps Research Institute, 10550 North Torrey of inany silllilar particles were observed; which 
Pines Road. La lolla, CA 92037, USA. sunnests that Mediator exists as a discrete enti- "" 
+Present address: Institute of Medical Biochemistry, ty, as was previously inferred from biochemical 
Coteborg University, Medicinaregatan 13, 405 30 
Coteborg, Sweden. 

studies. A large fraction of the particles ap- 
t~~ whom correspondence should be addressed, E. peared to be nearly identical, which is indica- 
hail: kornberg@stenford.edu tive of a preferred orientation on the grid (9). 

www.sciencemag.org SCIENCE VOL 283 12 FEBRUARY 1999 985 



R E P O R T S  

Images of such particles were aligned and av- 
eraged with the use of the SPIDER suite of 
programs (10, 11). The resulting view of the 
Mediator structure in projection revealed details 
to about 40 A resolution (Fig. 1). The structure 
measured about 400 A in height and appeared 
roughly triangular in shape, with a distinct 
dense domain at the base. 

When Mediator and RNA polymerase 11 
were mixed in equimolar (0.05 FM) amounts, 
about 75% of the Mediator associated with 
polymerase to form holoenzyme. Many images 
of the remaining unassociated Mediator exhib- 
ited a partially extended conformation. Three 
domains, barely distinguishable in the compact 
form of Mediator found in the absence of poly- 
merase, were linearly arrayed, with variable 
angles between them (Fig. 2). 

Alignment and averaging of holoenzyme 
images revealed Mediator in a l l l y  extended 

Fig. 1. Yeast Mediator in projection. Images of 
54 individual particles were aligned and aver- 
aged. Scale bar, 200 A. 

Fig. 2. Contrast-enhanced images of single yeast 
Mediator particles. Closed and progressively more 
extended conformations of Mediator (A through 
D) are shown. Part of an RNA polymerase I I  
molecule is included alongside the Mediator par- 
ticle in the lower righthand corner of (D). The 
background around the Mediator particles was 
partially blocked for ease of viewing. 

form (Fig. 3) .  Mediator was identified as an arc 
of protein density on the periphery, on the basis 
of the similarity in appearance and dimensions 
to the partially extended form (Fig. 2). The 
three Mediator domains were clearly distin- 
guishable in the holoenzyme, the largest of 
which is referred to here as the "head," presum- 
ably corresponding to the dense domain at the 
base of Mediator in the compact f o q  followed 
by "middle" and "tail" domains. 

The central globular density in the image of 
the holoenzyme was identified as RNA poly- 
merase I1 by comparison with images of the 
polymerase alone and with the three-dimen- 
sional (3D) structure of the enzyme, previously 
determined at 16 A resolution from two-dimen- 
sional (2D) crystals in negative stain (12). A 
view of the polymerase structure in projection 
was found, whose outline (dark line in Fig. 3)  
roughly matched that of the polymerase density 
in the holoenzyme and that placed the CTD 
region of the polymerase structure, also known 
from 2D crystallography (13) (black dot in Fig. 
3), adjacent to the Mediator density of the ho- 
loenzyme. With the polymerase in this orienta- 
tion, the CTD contacted the Mediator middle 
domain. A second contact with Mediator was 
formed between a region of the polymerase in 
the vicinity of the DNA-binding channel (arrow 

in Fig. 3 )  and the Mediator head domain. There 
was no apparent contact between the polymer- 
ase and the Mediator tail domain, which was 
nonetheless well localized, suggesting confor- 
mational rigidity of the extended Mediator 
structure. 

As a control, Mediator was mixed with 
RNA polymerase 11 lacking a CTD and exam- 
ined in the electron microscope (14). No ho- 
loenzyme was observed, although some Medi- 
ator particles appeared to be partially extended. 
Inasmuch as unfolding only occurred in the 
presence of polymerase, unfolding in the ab- 
sence of a CTD was consistent with a second 
site of Mediator-polymerase interaction. Also, 
no unfolding was obsewed upon incubation of 
Mediator with a CTD peptide, and neither ho- 
loenzyme formation nor unfolding of yeast Me- 
diator occurred in the presence of mammalian 
RNA polymerase II. An activator protein that 
functions through Mediator, Ga14-VP 16, also 
failed to cause unfolding. Mediator persisted in 
the compact configuration under a range of 
solution conditions, except for prolonged incu- 
bation at 40°C, which caused the apparent loss 
of the headpiece from many Mediator particles, 
and exposure to a pH above 8.5, which caused 
extensive unfolding, even in the absence of 
polymerase. Unfolding at elevated pH was re- 

tail (t) domains clearly distinguishable The I globular density embraced by Mediator is iden- 

merase 3D structure is ~uperimposed (d& 
line), with the point of attachment of the CTD 
(dark circle) and the location of the DNA- 

I l i t ion of the holoenzyme mad and possible 

Fig. 4. Murine Media- 
tor in projection (A), 
compared with its 
yeast counterpart (B). 
Images of 66 individu- 
al particles, purified 
from murine hybrid- 
oma cells as described 
(6) were aligned and 
averaged. The maps 
are displayed as con- 
tour plots to  ernpha- 
size their main fea- 
tures. Scale bar in (B), 
zoo A. 
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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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