
39°C as described [R B Wickner, Methods Moi 
Genet. 3, 141 (1 994)l. Translaton extracts (cytoplas- 
mlc S30 extracts) were prepared exactly as de- 
scribed (21) and stored in liquld N,. Capped and 
polyadenyated luciferase mRNA was prepared wlth 
theT7 ucferase (T7LUC) vector pRGl66 (agf to f  S 
Green and Charles Moehle, RlboGene, Ha.yi~.iard, 
CA) and theAmpiscrbeT7 transcrption k ~ t  (Epicen- 
ire Technologies) mRNA was purifled with the 
RNeasy total RNA kit (Qagen). Translaton assays 
were performed as described (21), except that the 
micrococcal nucease treatment of the translat~on 
extracts was omitted Luminescence was measured 
by addng 10 11 of translation mix to 100 11 of LUC 
assay reagent (Promega) and measuring the ems- 
sion for 10 s on a Turner TD-20e luminometer. 

15. To express the GST-yF2 fuson proten in yeast un- 
der control of the yeast GAL1 promoter, we inserted 
a portlon of the.,FUNlP cDNA from the plasmld 
funl2-1 [P. Sutrbve, B, K Shafer, J. N. Strathern, 
S H. Hughes, Gene 146, 209 (1994), a gift from P 
Sutrave and S Hughes, National Cancer nstltute, 
Frederick, MD] Into the yeast GST fuson expresson 
vector pEGKT [D A M~tchell, T K Marshall, R J. 
Deschenes, Yeast 9, 715 (1993)], creating the plas- 
m ~ d  pC485. GST and GST-ylF2 were purifled from 
the funl2A strain J130 (22) transformed with the 
plasmids pEGKT and pC485, respect~vely The 
GST-yF2 fusion proten contanng ylF2 amno acid 
residues 396 to 1002, startng 16 resdues before the 
GTP binding doman and extending to the COOH- 
termnus of the prote'n, was able to fully complement 
the slow-growth phenotype of the funl2A stran, in- 
dcatng that the fuson protein s functional n vlvo. 
Crude proten extracts from transformants grown in 
synthetic minmal medurii contanng 10% galactose 
and 2% raffinose were incubated with glutathone 
Sepharose 4 8  and washed; the GST and GST-yF2 
proteins were eluted In buffer contaning 10 mM re- 
duced glutathione. The purifled protens were dia- 
lyzed aganst sample buffer [20 mM trs-HCi (pH 7 5), 
100 mM KCI, 1 mM DTT, 109'0 (v/v) glycerol] and 
stored In Iquid nitrogen, Purlfied yeast elF2 [G. D. 
Pavltt, K V. A. Ramaah, S R Klmball, A G. Hinne- 
busch. Genes Dev. 12. 51 4 (199811 was klndlv oro- , ,, , , 
vlded by Graham Pavltt 

16 W. C. Merrlck, Methods Enzymoi 60, 108 (1979), 
S. L Adams, B Safer, W F. Anderson, W C. Mer- 
rlck, J Biol. Chem. 250. 9083 (1 975). 

17 W. L. Zoll, S K Cho~, T. E Dever, W C Merrck. data 
not shown 

18. A. G H~nnebusch, J. Biol. Chem 272, 21661 
(1 997) 

19 N C. Kyrpides and C. R. Woese, Proc. Nati. Acad 
Sci. U.S A. 95, 224 (1 998) 

20 W C Merrick and W F Anderson, J Bloi. Chem 
250, 11 07 (1 975). 

21. S Z. Tarun and A. B. Sachs, Genes Dev. 9, 2997 
(1 995) 

22. The plasmid pC482 was generated by inseriing 1.3 
kb of FUN12 5 '  flankng and 0.9 kb of FUN12 3' 
flanklng DNA into the hisG URA3:.hisG plasmid 
pNKY51 [E. Alani, L. Cao, N. Kleckner, Genetics 
116, 541 (1987)l. The funl2A straln J130 (leu2-3 
leu2-112 ura3-52 funl2::hisG) is an ascospore 
product from the d p o i d  strain HI056 that had been 
transformed with an Sph I-Mun I fragment from 
pC482 

23. R. S. Skorski and P. Heter, Genetics 122 19 (1 989). 
24. We Inserted a 3.55-kb Sal I-Bam HI fragment from 

pC473 (10) Into the correspondng stes of the iow- 
copy-number URA3 vector pRS316 (23) generatng 
the plasmd pC476. We extended the FUN12 Insert 
in pC476 an addtona 400 base pairs at the 5 '  end 
by nsering a 1.56-kb PCR-generated S a  I-Eco 47111 
DNA fragment, creatng the plasmd pC479. A Sal 
I-Bam HI fragment from pC479 containing the f u -  
length FUN12 DNA sequences was inserted be- 
tween the same sites of the low-copy-number LEU2 
vector pRS315 (23), creatng the pasmid pC480. 

25. The fun12 LEU2 allele in strain J135 (10) was d ~ s -  

transformant was identiled and then replica plated 
to 5-fluoroorotic acld (5-FOA) medium to select for a 
Ura- segregant, generatng the haplod strain J129 
(Mato: leu2-3 ieu2-172 ura3-52 funl2::ieuP: hisG). 

26. S U Astrom, U von Pawel-Rammngen, A. S. By- 
strom, J. Moi  Biol. 233, 43 (1 993) 

27 T E Dever, W Yang, S. Astrom, A S. Bystrom,A G. 
Hinnebusch, Moi  Celi Biol. 15, 6351 (1995). 

28. C M Moehe and A. G Hinnebusch, ibid ,11,2723 
(1991) 

29 We thank G. Pavitt for purifed yeast eF2. M. Cigan 
for the iMT4 plasmd, C Moehe and S. Green for 
plasmid pRG166, P. Sutrave and S Hughes for the 

FUN12 cDNA clone, and A. Sachs for advice on the 
yeast in vltro translation assays, A. Hinnebusch, G 
Pavltt, J Anderson, and L Phan and members of the 
Dever and Hinnebusch laboratories for helpful dis- 
cussons, and A. Hnnebusch and R Rolfes for com- 
ments on the manuscrpt We thank T. Donahue for 
dscussions and for communcatng results before 
publcaton Supporied In part bv Natonal nsttutes 
of Health grant 26796 (W.C M.) and a tranng grant 
in cellular and molecular biology (GM08056 to 
w L.Z.) 

28 January 1998, accepted 13 Aprll 1998 

The U biqui tin-Related Protein RUB1 and Auxin 
Response in Arabidopsis 

J. C. del Pozo, C. Timpte,* S. Tan, J. Callis, M. Estelle? 

TheAXR1 (auxin-resistant) protein, which has features of the ubiquitin-activating enzyme 
E l ,  is required for normal response to the plant hormone auxin in Arabidopsis thaliana. 
ECRl functions together with AXRl to activate members of the RUBINEDD8 family of 
ubiquitin-related proteins. Extracts from mutant seedlings lacking AXRl did not promote 
formation of the RUB-ECR1 thiolester, indicating that AXRI is the major activity in this 
tissue. AXRl was localized primarily to the nucleus of dividing and elongating cells, 
suggesting that the targets of RUB modification are nuclear. These results indicate that 
auxin response depends on RUB modification of one or more nuclear proteins. 

P l a n t  growth and development depends on 
the coordinated action of several phytohor- 
mones. One of these hormones, indole-3- 
acetic acid ( IAA or auxin), has been impli- 
cated in the control of diverse developmen- 
tal processes (1 ). A u x ~ n  regulates these pro- 
cesses by promoting changes in cell division 
and cell elongation (2 ) .  Recessive muta- 
tions in the AXRl gene result in decreased 
auxin response, ~ n c l u d ~ n g  reduced auxln- 
Induced gene transcription (3). A screen for 
suppressors of the axrl phenotype resulted 
in identification of the SARl gene. By ge- 
netic criteria, SARl acts downstream of 
AXRl (4). Mutations in another gene, 
TIRI, also result in a defect in auxln re- 
sponse (5).  G e n e t ~ c  studies indicate that 
AXRl and TlRl function In the same or 
overlapping pathways. 

The  illolecular characterizat~on of AXRl 
and TlRl lrnplicates the ubiquitin pathway 
in auxin response. AXRl encodes a protein 
related to the NH,-terminal half of the 
ubiquitin-activating enzyme, El  ( 6 ) ,  and 
wroteins related to AXRl can be found in 
yeast and mammals (7). Despite extensive 
similarity with E l ,  all lack the active-site 

J C, d e  Pozo. C. Tlmpte, M. Estelle, Department of Biol- 
ogy, lndlana Unlverslty, Bloom~ngton, IN 47405-6801, 
USA. 
S. Tan and J Callis, Sectlon of Molecular and Cellular 
Boogy,  Unversty of Calforna-Davis, 1 Shields Avenue, 
Davis. CA 95616, USA. 

cysteine required for thiolester bond forma- 
tion w ~ t h  ubiquitin. TIRl encodes an F-box 
protein related to yeast Grr lp  and human 
SKP2 (5). F-box proteins have been shown 
to function in a ubiquitin-ligase complex 
(E3) called the SCF (for Skpl Cdc53 F- 
box). These results suggest that auxin re- 
sponse is mediated by ub~quitin or a ubiq- 
uitin-like protein modification. 

Ubiquitin (UBQ) is one of the most 
conserved proteins among eukaryotes. Co- 
valent attachment of UBQ to other pro- 
teins targets them for degradation by the 
26s proteosorne (8). UBQ IS activated by 
E l  In an adenosine 5'-tr~phosphate (ATP)- 
dependent reactlon in w h ~ c h  a thiolester 
bond is formed between the COOH-termi- 
nus of UBQ and a cysteine within the E l  
enzyme. The  UBQ moiety is transferred to a 
cysteine residue on a UBQ-conjugatmg en- 
zyme (E2). Finally, UBQ is covalently at- 
tached to a target protein by an isopeptide 
linkage directly from the E2 or by a UBQ- 
protein ligase such as the SCF (9) .  

Two conserved families of UBQ-related 
proteins (Smt3p/SUMO and RUBmEDD8) 
have also been identified (1 0). In Saccharo- 
myces cereuiszae, activation of Smt3p is per- 
formed by the El-like heterodirner Aoslp/ 
Uba2p rather than E l  (1 1) .  Aoslp is a 
member of the AXRl family, while Uba2p 
is similar to the COOH-terminal half of E l  
and contalns the active-site cvsteine. 

rupted by transforming to Ura+ prototrophy wlth a 'Present address Department of Biolog~cal Sciences, ~~~~3~ is conlugated in vlvo to other pro- 
Bgl II fragment contaning the ieu2:hisG. URA3::hsG Unversty of New Orleans, New Orleans, LA70148, USA. 
cassette from the pasmid pNKY85 (Nancy Kleckner, ?To whom correspondence should be addressed E- Feins1 but these targets are . yet . to - -  identi- 
Harvard Unverslty, Cambridge, MA) A Ura+ Leu- m a  mestelle@b~o nd,ana edu t ~ e d  ( 1  1 ) .  A protein related to blntjp ln 
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humans, called SUMO-1, is covalently at- 
tached to the RanGAPl (12) and PML 
proteins (13). This posttranslational modi- 
flcation affects the subcellular localization 
of these proteins rather than thelr metabol- 
ic stability. 

Another member of the AXRl family, 
yeast Enr2p, is required for Rublp (for "re- 
lated to ubiquitln") conjugation to the cell- 
cycle protein Cdc53p (1 4). Enr2p functions 
as a second blpart~te activating enzyme, 
together with Uba3p (1 4) 

Because several RUB genes have been 
identifled in Arabidopsis thaliana (15), we 
investigate'd whether AXRl was required 
for RUB actmation. Through homology 
with Uba2p, we ident~fied an expressed se- 
quence tag (EST) from Arabidopsis that en- 
codes a 55-kD protein (ECRl) related to 
the COOH-terminus of the El enzyme. 
Based on similarity to Uba2p and Uba3p, 
ECRl contains a possible active-site cys- 
teine at position 215 (Fig. 1A). The ECRl 
gene was mapped, using the recombinant 
inbred (RI) lines (1 6), to position 7.4 on 
chromosome 5, between CHS and g4560 
(Fig. 1B). When recombinant AXRl and 
ECRl were mixed and incubated with ra- 
diolabeled RUBl and ATP (17), a species 
of 65 kD size was observed (Fig. 2). This 
product was destroyed upon incubation 
with the reducing agent dithiothreitol 
(DTT) indicating that formation of the la- 
beled complex involves a thiolester bond 
(Fig. 2). No thiolester products were gener- 
ated when either AXRl or ECRl were 
omitted from the reaction. To investigate 
the specificity of the AXR1-ECR1 het- 
erodimer, we determined if UBQ and 
NEDD8, a mouse protein with 84% identity 
to RUB1, could form a thiolester bond with 
ECR1. We found that AXR-ECR1 was ca- 
pable of activating NEDD8 (Fig. 2), but not 
UBQ (18). To determine whether the thi- 
olester bond is formed with AXRl or ECR1, 
we used a glutathione S-transferase (GST)- 
ECRl fusion protein in the thiolester assay. 
In this reaction, the DTT-sensitive product 
was detected at a size of -85 kD (Fig. 2 ) ,  
indicating that the thiolester bond is 
formed between the COOH-terminus of 
RUBl and ECR1. Furthermore, ECRl mu- 
tants in which Cys215 was replaced with Ala 
were unable to activate RUBl or NEDD8 
(Fig. 2). This suggests that CpsX5 forms the 
thiolester bond with the COOH-terminus 
of RUB1. On the other hand, the nxrl-3 
mutation, which replaces the CYs1j4 with 
Ala, also prevents thiolester formation be- 
tween ECRl and the RUBINEDD8 pro- 
teins (Fig. 2). This missense mutation in 
the AXRl gene  results in reduced auxin 
responses in the axrl-3 plants, confirming 
that the auxin defect is related to a decrease 
in RUB activation (6). 

To investigate RUB activation in vari- 
ous auxin response mutants, we developed 
an in vitro RUBl activation assay (19). 
When radiolabeled RUBl was incubated 
with total protein extract from wild-type, 
axrl-12 (4) ,  tirl-9 (6),  surf -1 (5), or axrl-12 
surf -1 double mutant plants, two DTT-sen- 
sitive products at -50 and 65 kD were 
detected in wild-type, tirl-9, and sarl-1 ex- 
tracts, but not in axr1-12 and axrl-12 sar1-1 
extracts (Fig. 3A). The 65-kD product 1s 

likely the ECRl protein conjugated to one 
molecule of RUB1, and the 50-kD protein 
could be elther an E2-RUB1 or E3-RUB1 
thiolester. To confirm that these products 
were AXR1-dependent, recombinant AXRl 
protein was added to axrl-12 protein ex- 
tract. This resulted in the reappearance of 
the DTT-sensit~ve 65- and 50-kD products 
(Fig. 3B). These results suggest that AXRl 
1s responsible for the lnajorlty of RUBl 
activation, at least in seedlings. Further, our 

ECRl P D i ? E F  9: YDI .  . . . . 
ubalp . . . . . .&:I I E K ' Z . .  . . . 
Uba2p NEEDI';!!Q~~G 

G ? S I I  1ZLCTSj . -TL5 
maap 3 A $MS>;S :J -,----------,-,- "'"'la 
Uba2p > FI:\'ITQb:II.I =IR7YP!:E~l\IKI 

g3715 CHS ECRI 94560 

B Chr 5 I I I 1 

11.2 15 .4  17.5 

Fig. 1. ECRl (GenBank AF051135) s related to yeast Uba2p (GenBank U32274) and Uba3p (EMBL 
Y16891) (24). (A) Alignment of ECRl with Uba2p and YPR066W. Boxed residues are identical. The 
conserved active-site cysteine is indicated with an asterisk. (B) Map position of ECRl on chromosome 5. 

waw.sc~encemag.org SCIENCE \JOL 28G 12 JUNE 1998 1761 



Fig. 2. Conjugation of hXR1-GST AXR1-ECRl AXRl-ECR1 
RUB1 and NEDD8 wlth AXRr-ECR1 ECRl C215 ClSI 
ECRI Rad~olabeled a E d 4  

RUBl or NEDD8 was In- 0 

cubated wlth recombl- kD 
nant AXRl and ECRl In 
a th~olester react~on (1 7) asw 
The reactlon was terml- 
nated wlth SDS loadlng 
buffer In the absence or - 
presence of DTT The 
position of molecular 
size markers is indicated 
beside the gel. The ar- 
row indicates the ECR1- 
RUBl or ECRl -NEDD8 
complex at -65 kD. Ra- 
diolabeled RUB1 was in- 1- ' 
cubated with the recom- 
binant GST-ECRl pro- 

DTT-sensitive product. 

I 
tein in a thiolester assay. The asterisk indicates the DTT-sensitive product GST-ECRl -RUB at 85 kD. 
Replacement of Cys215 in ECRl or Cysqs4 in AXRl with Ala were performed with the Stratagene direct 
mutagenesis kit. Neither AXRl -ECRl -C215 nor AXRl -C154-ECR1 heterodimers were able to form any 

Fig. 3. RUBl -thiolester for- A 
proteins are likily to be  RUB^ conjugates, > B 

mation in protein extracts is indicating that the plant extracts are also 

dependent on AXR1. (A) Ra- 1 2 4 5 8  Q X P I - I ~  capable of isopeptide bond formation be- 
diolabeled RUB1 was incu- %' %' %' +' .'s'fl tween RUBl and target proteins (18). 
bated with total plant protein b % & Analysis of AXRl genes expression by in 
from mutants as described kO situ hybridization indicate that AXRl ex- 
(19). Arrows indicate two 125- pression is restricted to dividing and elon- 
RUB1 thiolester adducts n- gating cells (1 8). To determine the cellular 
that were destroyed with location of AXR1, tissue sections of Arabi- 
DTT incubation (18). Free 
RUBl protein ran off the gel. 5~ 

65 dopsis seedlings were treated with AXRl 

(B) Total protein extract from 
50 antiserum (20). Staining was associated pri- 

axrl- 12 mutant plants was marily with the nuclei of dividing and ex- 

incubated with RUBI. The panding cells (Fig. 4, A and B). This stain- 
biochemical phenotype (thi- ing was not detected in wild-type sections 
olester adducts at 50 and 65 treated with preimmune serum or axrl-12 
kD) was restored when in- mutant sections treated with AXRl antiser- 
creasing amounts of recom- um, which indicates that the AXRl anti- 
binant AXRl were supplied to the thiolester reaction. serum is specific (Fig. 4, C and D). 

Fig. 4. AXRl is located in the O n  the basis of these results, we propose 

nucleus. Sections of 5-day-old that auxin response is mediated, at least in 

Arabidopsis seedlings were part, through modification of one or more 
used for immuno~oca~ization of proteins by RUB1 or a related protein. The 
AXRl protein by the method de- nuclear localization of AXRl suggests that 
scribed (20). (A) Wild-type sec- these targets are probably nuclear proteins, 
tions were labeled with AXR1 which is consistent with studies in mamma- 
antiserum, which detected lian cells which show that most NEDD8- 
AXR1 protein in the nuclei of modified proteins are nuclear (21 ). Because 
shoot meristem (sm) and ex- 
panding cotyledon (c) cells. (B) the RUB/NEDD8 protein is conserved 

Higher magnification of expand- among the three eukaryotic kingdoms, it 

ing cotyledon cells showing the seems likely that RUB/NEDD8 modifica- 
nuclear localization of AXRI . tion will have an important regulatory func- 
The identity of the nuclei in these tion in all eukaryotes. In support of this, a 
sections was confirmed by human homolog of AXRl called APP-BPI 
staining with 4',6'-diamidino-2- interacts with the cytoplasmic domain of 
phenylindole (18). (C) No stain the amyloid precursor protein (APP), sug- 
was observed with preimmune gesting a role in APP function (7). In ad- 
serum on wild-type sections. (D) dition, a temperature-sensitive hamster cell 
Sections from an axrl-12 plant 
were labeled with AXRl antiser- line called ts41 carries a mutation in a 

um. Theaxrl-12 mutation intro- hamster homolog of AXRl called SMCl 

duces a stop codon in the exon (22). Mutations in SMCl result in a com- 
11 of the AXRl gene (6). AXRl plex cell-cycle defect at the nonpermissive 
antiserum did not detect this truncated protein. Bars represent 100 pm in (A), (C), and (D), and 20 pm temperature (22). Further studies will be 
in (6). required to determine the biochemical 
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results show that the sarl-1 suppressor does 
not act by restoring RUB activation in axrl 
plants. This indicates that sarl acts to by- 
pass the effects of the axrl mutation and is 
consistent with downstream function for 
SAR 1 (4). 

In addition to the DTT-sensitive prod- 
ucts described above, we also observed a 
broad DTT-resistant band of labeled pro- 
tein migrating above the free RUBl (Fig. 2 
and Fig. 3, A and B). When the reaction 
was performed in the presence of 
[cx-~*P]ATP and unlabeled RUB1, a labeled 
protein of this size was evident on the gel 
(18). This labeled protein was not pres- 
ent when the reaction was done with 
[y-32P]ATP. This result argues strongly that 
the smaller product is RUB1-adenosine 5'- 
monophosphate, an intermediate in RUBl 
activation. Several other high molecular 
weight DTT-resistant products were also 
observed uuon prolonged exuosure. These 



f~~nc t io i l  of RUB/NEDD8 modification in 
both plant and animal systems. 

In yeast, the most abundant Rublp- 
modified protein is Cdci3p (14). Genetlc 
evidence suggests that Rublp rnodificatioll 
reeulates the activitl- of SCFCL"" the E3 
reiponsible for conjugation of UBQ to the 
CDK inhibitor Siclp at the GI-to-S phase 
transition. It is possible that RUBl has a 
similar f~lnction in plant cells. For example, 
the Arabidopsis F-box protein TIRl  may be 
Dart of an SCF comnlex that is reauired for 
the degradation of negatlve regulators of 
auxln resvonse. RUBl mav modifv the ac- 
tivity of ;his $?F, perhaps in resbonse to 
auxin (23). A homoloe of CDC53 exists in 
~ y n b i d o ~ s i s ,  and it willbe interesting to see 
if CDC53 is a target of RUBl conjugation 
in plants. 
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Close Contacts with the Endoplasmic Reticulum 
as Determinants of Mitochondria1 Ca2+ 

Responses 
Rosario Rizzuto," Paolo Pinton, Walter Carrington, 

Frederic S. Fay,? Kevin E. Fogarty, Lawrence M. Lifshitz, 
Richard A. Tuft, Tullio Pozzan 

The spatial relation between mitochondria and endoplasmic reticulum (ER) in living HeLa 
cells was analyzed at high resolution in three dimensions with two differently colored, 
specifically targeted green fluorescent proteins. Numerous close contacts were ob- 
served between these organelles, and mitochondria in situ formed a largely intercon- 
nected, dynamic network. A Ca2+-sensitive photoprotein targeted to the outer face of 
the inner mitochondrial membrane showed that, upon opening of the inositol 1,4,5- 
triphosphate (IP,)-gated channels of the ER, the mitochondrial surface was exposed to 
a higher concentration of Ca2+ than was the bulk cytosol. These results emphasize the 
importance of cell architecture and the distribution of organelles in regulation of Ca2- 
signaling. 

U p o n  physiological stimulation with IP3- 
generating agonists, mitochondria   undergo 
an increase in the concentration of CaL- in 
the matrix ([Ca2-I,,,) ( I ) ,  well in the range 
of the Ca2- sensitivity of the matrix dehy- 
drogellases (2) .  This process, besides play- 
ing a direct role in the control of organelle 
function, may contribute to the modula- 
tion of the cytosolic Ca2- concentration 
([Ca"],), hy buffering [Ca"], (3 )  or influ- 
enclng its spatiotemporal pattern (4 ) .  The 
accumulation of Ca2- by mitocho~ldria is 
rapid, despite the low affinity of their trans- 
port mechanisms (5). Because mitochon- 
dria might respond to inicrodoinains of high 

[Ca"] that were generated in their proxim- 
ity by the opening of the IP,-gated channels 
(1 ), we conducted high-resolution imaging 
of mitochondria and of their relation with 
the intracellular CaL-  store (the ER). We 
directly monitored the [Ca2+] sensed by the 
~uitochondrial Ca2+ uptake systems hy us- 
ing a targeted aecluorin chimera. 

The combined use of green fluorescent 
protein (GFP) chimeras with distinct spec- 
tral and targeting properties allows identifi- 
cation of two different subcellular structures 
in living cells (6) .  We expressed the S 6 i T  
GFP mutant targeted to mitochondria 
[intGFP(S65T)] (6) in HeLa cells (7) and 
used a high-sveed imaging system that al- 

R. R~zzuto, P. Pnton, T. Pozzan. Depariment of Blomed- lolXTs a tl,r~e.&mensioll~l ( 3 ~ )  fluorescence 
cal Scences and the Natonal Research Councl Center 
for the Study of Bomembranes, Unversty of Padova, V a  of be obtained 
Colo~nbo 3 ,  35121 Padova, Italy from computationally dehlurred optical sec- 
W. Carrlngton, F S. Fay, K. E Fogarty, L M Llfshltz, tiolls (a) .  The 3D images, derived from 
R A. Tuft, Bomedlcal lmagng Group, Unlversty of Mas- 
sachusetts Medical Center, Worcester, MAO1 605, USA, image stacks taken at 3C-s intervals with a 

6CX objective (pixel size 133 nm), re\~ealed 
"To whom correspondence should be addressed. E-mall. 
r~rruto@c~v b~o.unpd.lt that mitochondria forin a largely intercon- 
+Ceceased nected "tubular" network that undergoes 

w.ww.sciencemag.org SCIESCE L'OL. 2SL1 12 JUSE 1996 1763 




