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Abscission occurred in a markedly different 
manner: A very extensive stretching of the 
intercellular bridge between the daughter 
cells could be observed. In these cells, the 
midbody itself apparently never disassembled 
[Web movie 3, part 3 (1 I)]. We conclude that 
a key parameter for the movement of the 
mother centriole, and for abscission, is cellu- 
lar adhesion to the substrate or contact to 
neighboring cells. 

Strongly adherent cultured cells can ap- 
parently divide by traction-mediated "cytofis- 
sion" (21). Some mammalian cells can divide 
without actomyosin rings when attached to a 
solid substrate (22), a behavior reminiscent of 
Dictyostelium discoidum cytokinesis mutants 
(23). Traction-mediated cytofission is unlike- 
ly to occur in a tissue where cells are not free 
to move far away from one another and thus 
could be an artifact due to cell culture on 
too-adhesive substrates rather than a genuine 
alternative pathway. We noted, for example, 
that 3T3 or L929 cells grown on a very 
adherent substrate show many binucleated 
cells, suggesting frequent cytokinesis defects. 
Moreover, several recent reports have shown 
that cytokinesis can reverse after furrowing, 
leading to the formation of binucleated cells, 
or it can be blocked at a late stage, the two 
cells being linked by a cytoplasmic bridge 
(24, 25). In agreement with other reports 
(26-28), our data strongly support the idea 
that abscission is a regulated process. 

Our observations on living cells can be 
interpreted by the model shown in Fig. 4. At 
the exit of metaphase, cells assemble three 
structures: the so-called central spindle, the 
cleavage furrow, and the telophase diskimid- 
body. We propose that the disassembly of the 
central spindle and the cleavage furrow, both 
necessary for abscission, are distinct events 
that, like metaphase spindle disassembly, are 
under tight control; we also propose that 
these controls would involve the reposition- 
ing of the centrosome with respect to the 
midbody. 

This control implies that the centro-
some, which normally maintains itself at 
the cell center, moves transiently to the cell 
periphery. In addition to its relevance for 
cell division control, such a behavior could 
reveal a more general function of the cen- 
trosome, namely to integrate spatial con-
straints, for example, during cell locomo- 
tion and cell differentiation. 
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Bag (Bcl2-associated athanogene) domains occur in  a class of cofactors of the 
eukaryotic chaperone 70-kilodalton heat shock protein (Hsp70) family. Binding 
of the Bag domain t o  the Hsp70 adenosine triphosphatase (ATPase) domain 
promotes adenosine 5'-triphosphate-dependent release of substrate from 
Hsp70 in  vitro. In a 1.9 angstrom crystal structure of a complex wi th  the ATPase 
of the 70-kilodalton heat shock cognate protein (Hsc70), the Bag domain forms 
a three-helix bundle, inducing a conformational switch in  the ATPase that is 
incompatible with nucleotide binding. The same switch is observed in  the 
bacterial Hsp70 homolog DnaK upon binding of the structurally unrelated 
nucleotide exchange factor CrpE. Thus, functional convergence has allowed 
proteins wi th  different architectures t o  trigger a conserved conformational shift 
in  Hsp70 that leads t o  nucleotide exchange. 

The evolutionary conserved members of the 
Hsp70 family play essential roles in prevent- 
ing misfolding and aggregation of newly syn- 
thesized or unfolded proteins (1-3). Coordi-
nated binding and release of substrates by 
these molecular chaperones is strictly depen- 
dent on their ATPase activity. Nucleotide 
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binding to the NH,-terminal ATPase domain 
of Hsp70 regulates the substrate binding 
properties of its COOH-terminal peptide-
binding domain by an unknown mechanism 
(4. 5). Hsp70 binds adenosine 5'-triphosphate 
(ATP) with high affinity and slowly hydro- 
lyzes it to adenosine 5'-diphosphate (ADP). 
ATP-bound Hsp70 has low affinity for sub- 
strate, whereas the ADP-bound form has high 
affinity. Substrate binding to Hsp70IATP 
stimulates ATP hydrolysis ( 6 ) ,resulting in a 
more stable complex of Hsp70IADP with 
bound substrate. ATP hydrolysis is also stim- 
ulated by Hsp4O proteins, an evolutionary 
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conserved family of Hsp70 co-chaperones, 
which promote substrate binding to Hsp70 (7, 
8).Release of substrate from the complex is 
dependent on the exchange of bound ADP for 
ATP. In prokaryotes (and mitochondria), this 
reaction is promoted by GrpE, a nucleotide 
exchange factor for the bacterial Hsp70 ho-
molog DnaK (9-12). Given the high level of 
conservation of Hsp70 and Hsp40 proteins, it 
seems likely that the cytosol of eukaryotes 
would contain a GrpE homolog. However, no 
nucleotide exchange factor for Hsp70 has 
been definitively identified, although such a 
function has been proposed for the Bc12-
associated athanogene 1 (Bag-1) protein (13). 
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S P S P S P S P 

%3- F- i, -- + ATP 

- I 1 I ) - - - w  -ATP 

loo)  .+ ATP I 
- ATP8, 75 

2- 25 

Buffer Ova Bag-iM Bag 

Fig. 1. Functional characterization of Bag-1M 
and the Bag domain. (A) Bag-1M and the Bag 
domain stimulate the ATPase activity of 
Hsc70 in a Hsp40-dependent manner. Hsc70 
(3 pM) was incubated at 30°C with Hsp40 
(3 pM) and Bag-1M or isolated Bag domain (3 
pM) as indicated. The amount of ATP hydro-
lyzed was quantitated (9, 25). (B) Bag-1M 
and the Bag domain stimulate Hsc70 release 
from substrate polypeptide in a nucleotide-
dependent manner. Release of 35S-methio-
nine-labeled Hsc70 from partially denatured 
immobilized LBD of the glucocorticoid recep-
tor was measured upon incubation with 
ovalbumin (Ova), Bag-IM, or Bag domain (5 
p M  each) for 10 min at 2S°C in the pres-
ence or absence of ATPlMg2+ (2 mM) (26, 
33). 5. supernatant fractions containing re-
leased Hsc70; P, pellet fractions containing 
LBD-bound Hsc70. Supernatants and pellets 
were analyzed by ~ ~ ~ - ~ o l ~ a c r ~ l a m i d egel 
electrophoresis. followed bv phosphoimag-
ing. he bar diagram show;the amounts of 
Hsc70 released from LBD expressed in per-
centage of total  bound Hsc70. Error bars in 
(A) and (B) indicate SD of three independent 
experiments. 

Bag-1 was first identified in the mamma-
lian cytosol by virtue of its interaction with 
the anti-apoptotic protein Bcl-2 and was 
shown to promote cell survival (14). The Bag 
family is characterized by the Bag domain 
that mediates direct interaction with the 
Hsp70 ATPase domain (15, 16) and directly 
interacts with a number of client proteins, 
including the protein kinase Raf-1 (17), 
growth factor receptors (18), and the retinoic 
acid receptor (19). All Bag-1 isoforms (S, M, 
and L) contain a ubiquitin homology domain, 
thought to contact the proteasome (20). 
Bag-3 lacks the ubiquitin homology domain 
but contains a WW domain (W, Trp) (21). 
These unique sequence elements likely target 
individual Bag family members to their 
unique partners and reflect their specific roles 
in different cellular processes such as protein 
folding and degradation, signal transduction, 
and apoptosis. Bag-1 was shown to stimulate 
the ATPase rate of 'Hsp70 in an Hsp40-de-

construct has the same affinity for Hsc70 (the 
constitutively expressed cytosolic isoform of 
Hsp70) or its ATPase domain as the Bag 
isoform Bag-1M [dissociation constant K, 1 
to 3 p,M; measured by isothermal titration 
calorimetry (Web table 1) (23)l. Binding af-
finity is substantial reduced in the presence of 
ADP or ATP, matching the characteristics of 
the full-length proteins (24). Hsp40-depen-
dent ATP hydrolysis by Hsc70 is stimulated 
10-fold in the presence of the Bag domain or 
Bag-1M (Fig. 1A) (25), and both the Bag 
domain and Bag- 1M trigger efficient release 
of radiolabeled Hsc70 from a model substrate 
[partially denatured glucocorticoid receptor 
ligand binding domain (LBD)] (26) (Fig. 
1B). Bag-dependent dissociation of the 
Hsc70LBD complex requires the presence of 
ATP; binding of Bag-1 to Hsc70 alone does 
not trigger substrate release (Fig. 1B). Taken 
together, the Bag domain used for crystalli-
zation is fully hnctional and accounts for the 

pendent manner and to promote substrate re- effects of Bag-1M on Hsp70 activity. 
lease from the chaperone. These findings led We determined the crystal structure of the 
to the proposal that Bag-1 is a nucleotide Bag domain in complex with the ATPase 
exchange factor for Hsp70 (13), a view that domain of Hsc70 at 1.9 A resolution (Table 
has been controversially discussed (22). 1) (27). The Bag domain forms a three-helix 

The minimal Bag domain of Bag-1 was bundle (Fig. 2A). Helices 2 and 3 contact 
identified by limited proteolysis [residues subdomains IB and IIB of the ATPase (Fig. 2, 
151-264 of Bag-1M (Web fig. 1) (23)l. This A and B). Binding of the monomeric Bag 

Table 1. Data collection, phasing, and refinement statistics. Data collection values are as defined in the 
program SCALEPACK (34), the MAD phasingvalues are as defined in the program SOLVE (35),and the 
model refinement values are as defined in the program CNS (37). In data from the DESY x-ray source, 
Bijvoiet pairs have been separated. 

Data collection values 
Parameter 

Native SeMet 

Space group 
Unit cell 

No. of complexeslasymmetric 
unit 

X-ray source 
Wavelength (A) 

Resolution (A) 

Ilu, 
Completeness (%) 
Rsym (%I 

ESRF, ID14-4 
h = 0.9287 A, = 0.9786 

(peak)
15 to 1.95 18 to 2.6 
(2 to 1.95) (2.67 to 2.60) 
21.0 (3.6) 16.7 (5.9) 
99.5 (99.6) 98.2 (97.8) 
5.6 (27.0) 3.3 (10.5) 

DESY, BW6 
h, = 0.9792 h, = 0.9500 
(inflection) (remote) 
18 to 2.6 18 to 2.6 
(2.67to 2.60) (2.67to 2.60) 
17.6 (7.0) 12.8 (7.0) 
98.1 (97.4) 98.1 (97.7) 
3.2 (9.6) 3.2 (9.0) 

MAD phasing 

Anomalous scatterer 
Resolution (A) 
Figure of merit 

Selenium (6 of 6 sites) 
18 to 2.6 
0.59 

Model refinement 

Resolution (A) 15 to 1.9 
No. of reflections Rwo,kIRf,,, 40,59913,149 
R w o ~ ~ ' ~ c = =@)* 23.4127.9 
No. of solvent molecules 359 
rmsd bond length (A) 0.01 
rmsd angles (degrees) 1.4 

*No u cutoffs. 
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domain to the ATPase domain is mediated by function independently of an exchange factor Escherichia coli are structurally unrelated 
(BiP). (Fig. 3; A and B), they interact with the same 

Although the Bag domain and GrpE of subdomains, IB and IIB, of their respective 
electrostatic interactions, mainly exploiting 
residues G1uZL2, AspZz2, ArgZ3', and Gln245 
in Bag-1 (Fig. 2C). These residues are highly 
conserved in all known Bag proteins, and Fig. 3. Structural com- 

~arison of (A) Bae do- their individual replacement with alanine re- 
sults in Bag variants with substantially de- ;nain/~sc76 'and" (B) 

DnaK/GrpE complexes. 
The ATPase domains of 
Hsc70 and DnaK are 
colored green, the Bag 
domain is red, and GrpE 
is yellow. 

creased activity in ATPase and substrate re- 
lease assays, consistent with reduced af'fini- 
ties for the Hsc70 ATPase domain (28). A 
structure-based sequence search reveals Bag 
proteins in the cytosol of all eukaryotic spe- 
cies (Fig. 2D). The' main residues of Hsc70 
involved in the interaction are ArgZ6' and 
GluZS3. All Hsc70 residues involved in the 
interaction with Bag (Fig. 2C) are absolutely 
conserved in all cytosolic forms of eukaryotic 
Hsp70 proteins, correlating with the occur- 
rence of Bag proteins in the cytosol, but are 
highly divergent in DnaK and BiP (the Hsp70 
paralog in the endoplasmic reticulum), pro- 
teins that either rely on GrpE as a nucleotide 
exchange factor (DnaK) or are thought to 

Fig. 2. The Bag domain/Hsc70 complex. (A) The backbones of the Bag 
domain (red) and the ATPase domain of Hsc70 (green) shown in a 
ribbons representation generated with the program Bobscript (38). (B) 
The electrostatic potential of the Bag domain/Hsc70 (residues 5-381) 
complex modeled onto the accessible molecular surface as calculated 
and visualized with GRASP (39). Red and blue indicate negative and 
positive charges, respectively. Orientation as in (A). (C) Schematic dia- 
gram of the interactions between Hsc70 and the Bag domain. The 
diagram was produced by LIGPLOT (40). Red, residues of Bag-1M; green, 
residues of Hsc70. (D) Structure-based sequence alignment of Bag do- 

main proteins from different species. Conserved ,residues forming the 
interaction surface with the Hsc70 ATPase domain are highlighted in red, 
and residues important for packing interactions are shown in blue (47). 
GenBank accession numbers are as follows: human Bag-1M human 
(hum), 499933; human Bag-3/CAIR/BIS, AAD16122; human Bag-4, 
AAD16123; human Bag-5, AAD16124; Caenorhabditis elegans (C.e) Bag- 
1, AAD16125; Schizosaccharomvces pombe (S.pl Bag-1 B. AAD16127; 
Saccharomyces cerevisiae (S.c) inllp,' NP-0122G; ~ rab ido~s is  thaliana 
(A.t) putative protein, CAB87278; and Drosophila melanogaster (Dm) 
gene product, AAF49807. 
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Fig. 4. Nucleotide exchange mechanism of Bag and CrpE proteins. (A and B) Superposition of Hsc70 
(residues 5-381) in complex (A) with the Bag domain with the nucleotide-bound domain of Hsc70 
(PDB code 3Hsc) and (B) with the ATPase domain of DnaK in complex with its nucleotide exchange 
factor GrpE (PDB code 1DKC). Color code represents the rmsd of the superpositions calculated and 
visualized by the SwissPDB Viewer (blue, low degree of deviation; red, high degree of deviation). A 
loop region in domain IIB of DnaK not present in Hsc70 is seen in red (maximal rmsd). (C) 
Superposition of the side chains in Hsc70 involved in ATP binding and hydrolysis. The nucleotide- 
bound state is drawn in gray; the conformation of the respective residues in the Bag domain/Hsc70 
(residues 5-381) complex is drawn in orange (47). (D) A ZF, - F, simulated annealing omit map of 
the Hsc70 region involved in ATP binding and hydrolysis calculated in the absence of the indicated 
residues (contour level at la) (47). 

Hsp70 ATPase domain. However, in contrast 
to the Bag domain, GrpE forms a dimer that 
mainly employs a P strand subdomain, in 
addition to contacts from its a helical region, 
to bind to the ATPase domain of DnaK (Fig. 
3B) (12). Hydrophobic contacts from the P 
strand region of GrpE reach deep into the 
nucleotide-binding cleft and contribute sub- 
stantially to the tight interaction of the two 
proteins. Different residues are contacted in 
the Hsp70 ATPase domains of the two com- 
plexes. GrpE also interacts with a loop in 
DnaK that is not conserved in eukaryotic 
cytosolic forms of Hsp70 (Fig. 4B). 

The consequence of Bag-1 binding to 
the Hsp70 ATPase domain is a 14' rotation 

observed [Web fig. 3 (23)l. Despite striking 
structural differences between the Bag do- 
main and GrpE, the conformation of the 
Hsc70 ATPase in complex with Bag is 
remarkably similar to the conformation of 
the ATPase domain of DnaK in complex 
with GrpE [Fig. 4B and Web fig. 2B (23)] 
(12). In both cases, this conformation is 
incompatible with high-affinity nucleotide 
binding. Thus, the eukaryotic Bag domain 
has evolved convergently to induce a nu- 
cleotide release mechanism that has been 
conserved in Hsp70 proteins. 

The high-resolution crystal structure al- 
lows the analysis of the conformational 
changes in positions that are critical for nu- 

of subdomain IIB about a hinge in the cleotide binding and hydrolysis by superim- 
region of and Leu309 relative to the posing relevant residues from Hsc70 bound 
structure of Hsc70 with bound ATP [Fig. to ATP (29) and Hsc70 bound to Bag [Fig. 
4A and Web fig. 2A (23)] (29). In this 4C and Web fig. 4 (23)l. The main changes in 
region, the highest root mean square devi- the ATPase domain induced by binding of the 
ation (rmsd) between the two structures is Bag domain occur in residues of subdo- 

mains IA and IIB that orient the adenosine 
moiety of the nucleotide. The positions of 
other residues in the binding cleft and the 
residues involved in catalysis of ATP hy- 
drolysis in subdomains IB and IIA are not 
significantly altered. The structural transi- 
tion results in a movement of 
L ~ s ~ ~ ' ,  and Ser275 in domain IIB and ThrI3, 
Thr14, and TyrI5 in subdomain IA away 
from their position in the nucleotide-bound 
structure. This leads to an opening of the 
nucleotide-binding cleft. Additionally, the 
side chain of Arg272 assumes an alternative 
conformation when compared to the nucle- 
otide-bound state. In the latter state, Arg272 
and Arg342 form a clamp that fixes the 
adenine ring through hydrophobic interac- 
tions and the IT-electron system of their 
guanidinium groups. 

The Bag domain promotes nucleotide re- 
lease from Hsp7O by opening the nucleotide- 
binding cleft upon binding to the ADP-bound 
state of Hsp70. Because of the excess of ATP 
over ADP and Bag proteins in the eukaryotic 
cytosol, ATP will enter the nucleotide-bind- 
ing pocket and displace bound Bag protein, 
resulting in an acceleration of nucleotide ex- 
change. In the presence of Hsp40, which 
stimulates ATP hydrolysis, nucleotide ex- 
change becomes rate limiting; in the absence 
of Hsp40, ATP hydrolysis is rate limiting. 
~ h u s ,  an acceleration of the ATPase is only 
observed in the presence of both Hsp40 and 
Bag-1 (Fig. 1, B and C). The nucleotide 
binding and release kinetics of the ATPase 
cycle are almost identical for Hsp7O and 
DnaK (10, 30, 31). Given the strict depen- 
dence of DnaK on an efficient nucleotide 
exchange mechanism, it seems likely that a 
nucleotide exchange factor is necessary for at 
least some Hsp70 functions in the eukaryotic 
cytosol, as supported by the occurrence of 
Bag proteins in all eukaryotes. 

On the basis of our structural analysis, it is 
clear that Bag proteins function as nucleotide 
exchange factors for Hsp70 by stabilizing the 
nucleotide-free state of the ATPase. A similar 
mechanism has been described for the protein 
Sos, the nucleotide exchange factor of the 
guanosine triphosphatase Ras (32). In both 
cases, efficient release and rebinding of nu- 
cleotides are achieved bv a conformational 
change that is induced in the enzyme by 
insertion of two a helices from the exchange 
factor into the nucleotide-binding cleft. 

Bag and GrpE represent two nucleotide 
exchange factors for Hsp70 proteins with dif- 
ferent structures that have been optimized 
through functional conversion. By binding to 
different regions of their partner proteins, 
both GrpE and the Bag domain trigger a 
conserved switch in the Hsp70 ATPase do- 
main. It remains to be established whether 
this conserved switch is exploited by yet 
unidentified additional exchange factors. 
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Taste Receptor Cells That 
Discriminate Between Bitter 

Stimuli 
Alejandro Caicedo's3* and Stephen D. 

Recent studies showing that single taste bud cells express multiple bitter taste 
receptors have reignited a long-standing controversy over whether single gus- 
tatory receptor cells respond selectively or broadly t o  tastants. We examined 
calcium responses of rat taste receptor cells in  situ t o  a panel of bitter com- 
pounds t o  determine whether individual cells distinguish between bitter stimuli. 
Most bitter-responsive taste cells were activated by only one out of five 
compounds tested. In taste cells that responded t o  multiple stimuli, there were 
no significant associations between any two  stimuli. Bitter sensation does not  
appear t o  occur through the activation of a homogeneous population of broadly 
tuned bitter-sensitive taste cells. Instead, different bitter stimuli may activate 
different subpopulations of bitter-sensitive taste cells. 

Recently, a large family of bitter taste recep- 
tors was identified in humans and rodents (1, 
2). Although individual receptors were 
shown to respond selectively to a particular 
compound (3). taste cells expressed mRNAs 
for several receptors (1, 2). The findings were 
interpreted as showing that individual taste 
cells respond to several different compounds 
(1). However, behavioral and physiological 
studies in humans, monkeys, and rats indicate 
that bitter stimuli can be discriminated (4-8). 
Whether taste cells respond specifically to 
certain bitter stimuli is an unresolved issue. 
Unfortunately, our understanding of whether 
taste cells respond to multiple bitter com- 
pounds has depended on inferences from 
indirect studies [expression patterns of re- 
ceptor mRNA (1, 2) and recordings from 
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the afferent nerve (7 )  and cortical neurons 
(a)]. Here, we used CaZ' imaging to mea- 
sure direct activation of taste cells in situ to 
investigate how bitter taste stimuli are de- 
tected in taste buds (9). With this method, it 
is possible to view single taste cells in 
foliate slices in situ with a confocal micro- 
scope and record Ca2+ changes in intact 
taste buds (9-11) (Fig. 1). A series of 
representative compounds widely used in 
studies of bitter taste was selected for this 
study at concentrations that elicit behavior- 
al responses in rats (12-20). 

Cycloheximide (10 yM) induced large 
transient intracellular Ca2+ increases in fo- 
liate taste cells that showed little if any 
adaptation or desensitization [mean peak 
amplitude of the relative fluorescence 
change AFIF, 46.6 1 6.5% (Fig. 2)]. This 
contrasts with the pronounced adaptation 
reported for the expressed murine cyclo- 
heximide receptor (3). Lowering extracel- 
lular Ca2+ concentration did not reduce 
cycloheximide responses in the cell bodies 
(Fig. 2D) (21) or apical processes. None of 
the cells that responded to cycloheximide 
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