
3. M. A. McNiven, M. Wang, K. R. Porter, Cell 37, 753 
(1984); V. I. Rodionov, C. C. Borisy, Nature 386, 170 
(1997). 

4. A. Maniotis, M. Schliwa, Cell 67, 495 (1991). 
5. A. Khodjakov, R. W. Cole, 8. R. Oakley, C. L. Rieder, 

Curr. Biol. 10, 59 (2000). 
6. C. Sluder, F. J. Miller, R. Cole, C. L. Rieder, j. Cell Biol. 

110, 2025 (1990); D. L. Card, S. Hafezi, T. Zhang, S. J. 
Doxsey,j. Cell Biol. 110, 2033 (1990). 

7. E. H. Hinchcliffe, C. 0.Cassels, C. L. Rieder, C. Sluder, 
j. Cell Biol. 140, 1417 (1998); A. Khodjakov, C. L. 
Rieder,j. Cell Biol. 146, 585 (1999); E. H. Hinchcliffe, 
C. Li, E. A. Thompson, 1. L. Maller. C. Sluder, Science 
283, 851 (1999). 

8. E. Bailly, M. Doree, P. Nurse, M. Bornens, EMBO j. 8, 
3985 (1989); S. M. Pockwinse et dl., Proc. Natl. Acad. 
Sci. U.S.A. 94, 3022 (1997). 

9. E. Bailly, M. Bornens, Nature 355, 300 (1992). 
10. BSC-1 cells were 	cultured in Dulbecco's modified 

Eagle's medium (DMEM) containing fetal bovine se- 
rum (10%) and 12 mM Hepes (pH 7.2 in 5% CO,). 
Cover slips bearing cells were assembled into a mi- 
cromanipulation chamber filled with DMEM and FC- 
47 [C. Sluder, F. 1. Miller, E. H. Hinchcliffe, Methods 
Cell Biol. 61, 439 (1999)l. Microsurgery was done at 
37°C with a piezoelectric micromanipulator on a 
Zeiss ACM microscope equipped with phase contrast 
optics. Karyoplast position on the cover slip was 
marked with a diamond scribe mounted in the nose- 
piece of the microscope before the preparation was 
moved to  the prewarmed videomicroscope system. 

11. Karyoplasts were observed with Zeiss Universal or 
WL microscopes equipped with phase contrast optics 
and shuttered illumination pathways. Microscopes 
were maintained at 37°C in a cardboard box with a 
proportional temperature control system (Omega 
Engineering, Stamford, CT). Images were taken with a 
charge-coupled device (CCD) camera (Orca; 
Hamamatsu, East Bridgewater, N]), and video se-
quences were written to  the hard drive of a PC using 
C-imaging software (Compix inc., Brandywine, PA). 

12. For supplementary figures, see Science Online (www. 
sciencemag.org/cgilcontent~fulW291/5508/1547/DCl). 

13. Within 1 hour after mitosis for the karyoplast of 
interest, the medium was replaced with DMEM con- 
taining BrdU (10 ,ug/ml) and the preparation was 
returned to  the microscope. When 12 or 28 hours 
had elapsed since mitosis, the karyoplasts were fixed 
in methanol for 5 min at -20°C, then immediately 
transferred to  4 M HCI at room temperature for 2 
hours and processed for immunofluorescence micros- 
copy [N. Cunduz, Cytometry 6, 597 (1985)l using a 
mouse BrdU monoclonal antibody (mAb) (Boehringer 
Mannheim). 

14. E. H. Hinchcliffe, F. J. Miller, M. Cham, A. Khodjakov, 
C. Sluder, data not shown. 

15. Karyoplasts were 	 labeled in vivo with Bodipy FL 
C,-ceramide (Molecular Probes, Eugene, OR) as de- 
scribed [R. E. Pagano, C.4. Chen, Ann. N.Y. Acad. Sci. 
845, 152 (1998)l. 

16. W. Steffen, H. Fuge, R. Dietz, M. Bastmeyer, C. Muller, 
j. Cell Biol. 102, 1679 (1986); R. Heald et a/., Nature 
382, 420 (1996). 

17. M. Piel, J. Nordberg, U. Euteneuer, M. Bornens, Sci- 
ence 291, 1550 (2001). 

18. Karyoplasts were fixed in -20°C 	 methanol and pro- 
cessed for immunofluorescence microscopy. We used 
a-tubulin mAb (Sigma) and polyclonal antibodies to  
y-tubulin (Sigma) or to  pericentrin. Observations 
were made with Zeiss Axiophot or Leica DMR micro- 
scopes equipped for epifluorescence, Images were 
recorded with an Orca CCD camera and stored using 
C-Imaging software. Each karyoplast was relocated 
using the scribed circle on the cover slip. 

19. j. S. Lanni, T. Jacks, Mol. Cell. Biol. 18, 1055 (1998). 
20. Taxol fSiemal was used in DMEM at 200 to  500 nM. . "  t 


C. L. Rieder, A. Schultz, R. Cole, G.Sluder, J. Cell Biol. 

127, 1301 (1994). 

Postmitotic karyoplasts were located, fixed in 2.5% 

glutaraldehyde, and processed for serial section ul- 

trastructural analysis [C. L. Rieder, C. Cassels, Meth- 

ods Cell Biol. 61, 297 (1999)l. 


23. C. Sluder, E. H. Hinchcliffe, Biol. Cell 91, 413 (1999). 
24. A. 	 W. Murray, M. W. Kirschner, Nature 339, 275 

(1989); C. Schatten, C. Simerly, H. Schatten, Proc. 

Natl. Acad. Sci. U.S.A. 82,4152 (1985); K. C. Vaughn, 
J. D. Harper, Int. Rev. Cytol. 181, 75 (1998). 

25. We thank A. Murray and C. Rieder for helpful discus- 
sions, S. Doxsey for antibody to pericentrin, and 5. 
Lambert, W. Theurkauf, and D. McCollum for critically 
reading the manuscript. Supported by grants from 

NIH (C.S. and A.K.) and the Trustees of the Worcester 
Foundation (C.S.) and by a postdoctoral fellowship 
from the American Cancer Society, Massachusetts 
Division (E.H.H.). 

24 October 2000; accepted 16 January 2001 

Centrosome-Dependent Exit of 
Cytokinesis in Animal Cells 
Matthieu Piel,' Joshua Nordberg,' Ursula E~teneuer,~ 

Michel Bornens1* 

As an organelle coupling nuclear and cytoplasmic divisions, the centrosome is 
essential to mitotic fidelity, and its inheritance could be critical to understand- 
ing cell transformation. Investigating the behavior of the centrosome in living 
mitotic cells, we documented a transient and remarkable postanaphase repo- 
sitioning of this organelle, which apparently controls the release of central 
microtubules from the midbody and the completion of cell division. We also 
observed that the absence of the centrosome leads to defects in cytokinesis. 
Together with recent results in yeasts, our data point to a conserved centro- 
some-dependent pathway that integrates spatial controls into the decision of 
completing cell division, which requires the repositioning of the centrosome 
organelle. 

The checkpoint concept (1, 2) was introduced 
to describe mechanisms controlling the pro- 
gression of the cell division cycle at critical 
steps that impose delays to allow corrections 
or repairs, or even to trigger cell death. Many 
of the key genes involved in these processes 
are not essential but, when defective, can be 
oncogenic (3). In Saccharoinyces cerevisiae, 
a checkpoint mechanism monitors the cou- 
pling between nuclear and cytoplasmic divi- 
sion and relies on the spatial proximity of 
interacting components. A guanosine triphos- 
phatase (GTPase) is concentrated at the spin- 
dle pole body (SPB), whereas the corre-
sponding exchange factor is concentrated in 
the bud. Therefore, the migration of one SPB 
to the neck is necessary to activate the 
GTPase and to trigger mitotic exit (4-7). 
This ensures that cytokinesis does not take 
place before the nucleus has entered the bud. 

We investigated whether similar spatial 
controls involving the centrosome (the func- 
tional equivalent of the SPB) might operate in 
vertebrate cells, which are much larger than 
yeast cells. We made time-lapse recordings of 
cell division in cell lines stably expressing the 
centrin protein coupled to the green fluores- 
cent protein (GFP) as a centrosomal marker 
(8).During mitosis, cells possess two centro- 
somes located at the spindle poles, one of 
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which is inherited by each of the two daugh- 
ter cells. Each centrosome is made up of a 
daughter centriole that was assembled during 
the previous S phase and a mother centriole 
that was assembled during a previous cycle. 
The two centrioles can be distinguished ul- 
trastructurally (9) and biochemically (10). In 
vivo, the mother centriole is also more 
strongly labeled by centrin-GFP than is the 
daughter centriole during the first hours of 
the G, phase (10). 

After furrow ingression is completed, 
there is a period (from 1.5 to 5 hours) during 
which daughter cells are still linked by a 
cytoplasmic bridge before cytokinesis is 
complete (abscission). We observed that the 
first centrosomal event after formation of the 
cleavage furrow was the separation of the two 
centrioles in each daughter cell (Fig. 1, A and 
B, panel b), the daughter centriole being more 
motile than the mother centriole, which bears 
the microtubule (MT) aster and sits near the 
cell center (10). Just before abscission, the 
mother centriole in one (70% of the cases) 
(Fig. 1) or in both daughter cells [Web movie 
3, part 1 ( l l ) ]  transiently left its central po- 
sition and moved straight to the intercellular 
bridge [Fig. 1, A and B, panels c and d; Fig. 
1C; and Web fig. 1 (ll)].  This movement was 
as fast as 10 ~ d m i n  (2 k d m i n  on average). 
When the mother centriole moved back to the 
cell center, cytokinesis was completed. This 
unexpected movement was observed in 45 of 
50 HeLa cells. In most cases (75%), the 
mother centriole stayed near the bridge for 
<1 hour (1 5 min on average). Altogether, the 
asynchrony of abscission and the correlative 
movement of the mother centriole to the 
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Fig. 1. HeLa cell stably 
expressing centrin-GFP. 
(A) Cells were video-re- 
corded in phase con- 
trast and fluorescence 
microscopy (72). Fif- 
teen minutes after an- 
aphase onset, furrow 
ingression is completed 
(left). Each daughter 
cell has inherited a cen- 
trosome (CTRI and 
CTRZ, green arrows) 
containing a mother 
centriole (MCI or MCZ) 
and a daughter centri- 
ole (DCI or DC2). The 
movements of the cen- 
trioles and of the mid- 
body (MB, red arrow) 
were recorded at 30 
framesfhour. Their dis- 
tance to  the middle of 
the bridge is plotted on 
the right (colored 
curves). The two black 
upper curves show the 
intercentriolar distance 
for each centrosome. 
The "a" to "i" labeling 
on the time axis corre- 
sponds to events illus- 
trated in (B) as phase 
contrast of the mid- 
body and CFP signal at 
the poles (black and 
white). Centrioles, 

- - 

f :nmi(mln) i 
I i I l i i i  i 
a b e d o f a  h I 

bridge region suggested the existence o f  a 
control that depended on the repositioning o f  
the centrosome. 

Recording both phase contrast and epiflu- 
orescence images (12) revealed that narrow- 
ing o f  the bridge on both sides o f  the mid- 
body, which always preceded abscission (13- 
15), took place within a few minutes after 
mother centriole repositioning to the bridge 
(Fig. 1, A and B, panels d through f), when 
the M T  bundles were released from the mid- 
body (Fig. ID). We noted, however, that the 
final cut o f  the bridge always occurred after 
the mother centriole moved from the bridge 
back to the cell center, indicating that nar- 
rowing o f  the bridge and abscission were 
distinct events. For example, the mother cen- 
triole could stay near the bridge for > 1 hour 
after narrowing o f  the bridge (25% o f  the 
cases; 90 m in  on average), and abscission 
occurred only when the mother centriole had 
moved away. Although the bridge could be 
cut on both sides o f  the midbody, abscission 
occurred preferentially on the side where the 
mother centriole came close to the bridge. In 
addition, we investigated whether the daugh- 
ter centrioles could also be involved in that 
process because, in a fixed population o f  
L929 cells, we often observed daughter cen- 
trioles close to the intercellular bridge. How- 
ever, a time-lapse recording revealed that 
abscission occurred onlv after a mother cen- 

which are still orthogo- triole had also moved toward the bridge. 
nal at each pole in 
point a have split in Therefore, it is the mother centriole behavior 

both centrosomes in that matters. We then demonstrated that, con- 
point b. MC1 approach- trasting with the actomyosin-dependent 
es the intercellular movements o f  the daughter centriole (lo), the 
bridge (green dot) in c. The midbody has moved toward the approaching centriole, and they are <Z y m  transient repositionin~of the mother centriole 
away from one another in point d. The bridge narrows from -1.2 y m  wide in d to 0.3 p m  wide in f, depended on a remodeling of the post-an- 
when MC1 moves back to the pole (the dotted line indicates that the intercentriolar distance is larger aphase MT network; when we pembed the than shown), and finally detaches on both sides (red arrowheads) in g, when MC1 is back at the pole. 
As shown in h and i, the two daughter cells are separated, and the midbody is free in the medium (it MT cytOskeletOn by (I5 min) 
has rotated) [see Web movie 1 (7 7)]. (C) The left panel shows an electron microscope picture (left) of with the MT-disrupting agent nocodazole 
the midbody and the microtubule bundle, with a pinched region (arrow), emanatingfrom it. CTL, mother (ND) applied < 1 hour after mitotic shake 
centriole. The right panels show serial sectioning through the mother centriole; black arrowheads (mitotic cells collected b y  a shake-off), a 
indicate subdistal appendages, interacting with the microtubule bundle [see Web fig. 1 (77)]. (D) rapid repositioning ofmother centrioles at the 
Time-lapse recording (hour:minutes) of UZOS cells expressing both P-tubulin-GFP and centrin-RFP (red 
fluorescent protein) [see Web movie 2 (77)]. Red arrowhead indicates the midbody; green arrowhead periphery opposite to the midbody was 

indicates the mother centriole. Bar, 5 p.m. observed (Fig. 2, A and D). By contrast, when 

Flg 2. Repositioning of the mother centriole depends on post-anaphase 
microtubule network remodeling. Throughout these images of post-mitotic 
shake (PMS) 1929 cells, centrioles are indicated by green or red arrowheads 
when identified as mother centrioles. The midbody is indicated by a black 
arrowhead. (A) Thirty minutes after mitotic shake, L929 cells stably expressing 
centrin-CFP (black and white) were treated with 5 FM ND and time-lapse 
recorded. After 20 min, one centriole in each daughter cell had relocated 
toward the cell periphery. Bar, 10 p,m. (B) NO was added 2 hours after mitotic 
shake, and cells were fixed 15 min later and stained for a-tubulin (black and 
white) and ninein (red). The CFP signal is shown in green. The two mother 
centrioles, identified by the antibody to  ninein (lo), are relocated inside the 
bridge (fourfold magnification is shown on the left). Bar, 10 bm. (C) Electron 
microscope observation of the midbody region of HeLa cells treated as in  (0). 
The arrow indicates an appendage typical of a mother centriole. Bar, 0.5 i m .  D 
(D) After mitotic shake, cells were seeded on coverslips with (20 pg/ml) or without fibronectin (Fibro) and fixed 
at various times after NO treatment (29). The numbers are the percentages of paired daughter cells containing at 
least one centriole in  the intercellular bridge region. Between brackets are the percentages of daughter cells in 
which the mother centriole was found near the cell periphery. For each case, 1OOO cells were counted, and at least 
three independent experiments were performed. 
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Fig. 3. Cytokinesis defect of acentrosomal cells. 
(A) Cells from the Drosophila melanogaster 
1182-4 cell line were video-recorded in phase 
contrast microscopy over 2 days (hour:min- 
utes). Cells stay in pairs during the entire cell 
cycle. They separate during the following mi- 
tosis. Bar, 10 ym. (B) Unsynchronized 1182-4 
cells, which were fixed and stained for micro- 
tubules and DNA, display a MT bridge (arrow- 
head) and no aster. DNA staining shows that 
abscission was not inhibited by the resence of 
a DNA bridge (15). Bar, 10 ym. PC) Control 
BSCl cells and karyoplasts obtained by micro- 
surgical removal of centrosomes were video- 
recorded (78). Various postmitotic phenotypes 
were observed: furrow regression leading to 
binucleated cells (first row), no furrow regres- 
sion and no abscission leading to two cells 
linked by a cytoplasmic bridge (second row), 
full separation leading to two independent 
daughter cells (third row), and cells too close to 
one another to enable a clear observation of 
abscission (fourth row). 

ND was applied 2 hours after mitotic shake, 
mother centrioles were found inside the inter- 
cellular bridge, close to the midbody (Fig. 2, B 
through D). We took advantage of this effect to 
confirm the role of the centrosome in the con- 
trol of abscission, as short ND treatment en- 
abled us to control the moment at which the 
mother centriole moved toward and away from 
the bridge; when mother centrioles repositioned 
deep inside the bridge after ND treatment, the 
intercellular bridge did not cut as long as ND 
was present (up to 2 hours), and the mother- 
centriole was maintained in the bridge. A few 
minutes after ND removal, the centriole moved 
away from the bridge, and abscission imrnedi- 
ately followed (7 out of 10 cells). 

We conclude that an important require- 
ment for abscission to occur is to bring to- 
gether a mother centriole and the midbody. 
This could reflect the need for spatial prox- 
imity, reminiscent of the yeast SPB-depen- 
dent pathway for cytokinesis. 

Fig. 4. Model. The metaphase Anephaee Telophase 
exit checkpoint controls chromo- one& 
some segregation and cyclin-de- 
pendent kinase 1 inactivation, , 

which is necessary for assembly 
of the centrally located MTs, the 
telophase disk in the midzone, 
and the cleavage furrow (30). 
Once furrow ingression is com- 
plete, daughter cells demon- 
strate opposite ruffling activities. 
During this period, the centro- 
some in each daughter cell is 
retained on the leading-edge 
side. Each mother centriole is un- 
der tension exerted by the inter- 
action of its associated MTs with 
the cell periphery and with the 
midbody [see Web fig. 2 (1 7)]. A 
progressive change in the MT 
network occurs (Fig. 2), the du- 
ration of which depends on con- 
tact with neighboring cells or on 
substrate adhesion. This period 

Cell spreadlW Mothercentriole 
Centriole rplMng repo8Moning 

t 16 mln 80 mlnsT% h 

@ c f *  \ 

T+10 mln T+1 6 mln (75%) 
T+gO rnln (26%) 

reflects the need for daughter cells to integrate information from their periphery before proceeding. 
When conditions are met, ruffling activity would be actively suppressed in one or both cells, and 
one or both mother centrioles would reposition to the .bridge, possibly through the activity of 
kinesin Eg5 (37). The repositioning of a mother centriole would be instrumental in triggering the 
release of the central spindle MTs, because its proximity with the midbody activates a signaling 
pathway. Finally, the disassembly of the actin ring and the sealing of the plasma membrane occur 
only when the mother centriole has moved back within the cell body, indicating that the mother 
centriole is also participating in this phase. T, time of centrosome repositioning. 

To test more directly whether the centro- 
some plays a role in the completion of cyto- 
kinesis, we carried out centrosome-removal 
experiments. Although centrosome-deprived 
cells (karyoplasts) have been reported to be 
unable to enter mitosis (16), this result is at 
variance with another method of centrosome 
disruption in HeLa cells (1 7). Microsurgical 
ablation of centrosomes in BSCl cells was 
reinvestigated, coupled with video-microsco- 
py observations (18). Most of the centro- 
some-free cells went through an apparently 
normal mitosis (la), but a highly significant 
number of them had cytokinesis defects (Fig. 
3C). We also reinvestigated the division pro- 
cess of the acentriolar Drosophila cell line 
11 82-4 (19,20). This cell line was reported to 
become rapidly polyploid and has to be sub- 
cloned regularly. We observed that 1182-4 
cells have an incomplete cytokinesis (Fig. 3, 
A and B), leading to daughter cells perma- 
nently linked by a MT-containing bridge 
from where the MT network seemed to be 
organized (73% of cells showed MT-contain- 
ing bridges, 14% were individual mononucle- 
ated cells, and 13% were multinucleated). No 
MT aster was visible in these cells, consistent 
with the absence of a centrosome. Paired cells 
often separated at the next mitosis, although 
four connected cells or larger aggregates 
could be observed. Time-lapse recording re- 
vealed that the cell division cycle was also 
severely affected: its duration varied from 6 
to 24 hours, not only from one cell to another 
but also from one cycle division cycle to the 
next. Paired cells could eventually fuse to 

form binucleated cells that usually did not 
divide anymore. Altogether, these results 
suggest that the centrosome organelle has a 
direct role in the process of abscission. 

We attempted to identify conditions mod- 
ifying the timing of abscission by varying 
culture conditions for three cell lines [Web 
movie 3 (Il)]. In HeLa cells grown in small 
clones (like in Fig. I), abscission occurred 
-2 hours after the onset of anaphase, in a 
1-hour window, and coincided with the con- 
tact of spreading daughter cells with their 
neighbors. However, when cells were seeded 
at low density, abscission was more asyn- 
chronous and sometimes occurred as late as 5 
hours after the onset of anaphase. L929 cells, 
when seeded on a low concentration of fi- 
bronectin (1 yg/ml solution; 10 cells), were 
poorly adherent, and their abscission process 
was similar to that of HeLa cells at low 
density. When seeded on a high concentra- 
tion of fibronectin (20 yg/ml solution; 10 
cells), these cells flattened extensively, and 
split centrioles seemed to be attracted toward 
lamellipodia [this could be demonstrated by 
brief ND treatment (Fig. 2D)l. Under these 
conditions, abscission was delayed (taking 
twice as long on average) or even failed to 
take place. Intercellular bridges could be very 
long and eventually tom under the traction 
exerted by the two daughter cells, without 
repositioning of a centriole in the bridge (4 
out of 10 cells). Finally, in strongly adherent 
flat 3T3 cells seeded on fibronectin (5 kg/ 
ml), centriole movement toward the midbody 
was completely inhibited (5 out of 5 cells). 
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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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Structure of a BagIHsc7O 

Complex: Convergent 


Functional Evolution of Hsp7O 

Nucleotide Exchange Factors 


Holger ~ondermann,' Clemens scheufler,' Christine Schneider,' 

Jorg ~ o h f e l d , ~  
F.-Ulrich Hartl,' lsmail ~ o a r e f i l *  

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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