
back was altered during the experiment. 
11. A sound-pressure level of 60 dB was sufficient to 

block subjects' ability to hear their own whispering. 
12. Informed consent was obtained from all subjects 

after the nature and possible consequences of the 
study were explained. 

13. Feedback transformations were defined geometri- 
cally with respect to a subject's [il-[a] path. The sub- 
ject's unaltered formant frequencies were represent- 
ed as a point in formant space. This point was then 
rerepresented in terms of two measures: (i) pathde- 
viation-the distance to the nearest point on the 
[il-[a] path, and (ii) path projection-the position on 
the [il-[a] path of this nearest point. The feedback 
transformation then shifted only the point's path pro- 
jection; the point's path deviation was prese~ed. 

14. Mean compensation measures how rmch a subject's 
mean training word vowel formant change (test phase - 
baseline) countered the shift of the feedback transfor- 

mation. It was measured as: (path projedim of mean 
vowel formant change)/(-path pro@tion shi of trans- 
fcfm) [see (13) for explanation of path projection]. This 
ratio is 1.Oforperfectcompensation. Meanadaptation 
measued how much compensation was retained in the 
absence of feedback. Thus, mean adaptation was cal- 
culated with the same ratio shown atom, except it used 
only formant data collected when the subject whispered 
with feedback W e d  by noise. (In the control sxperi- 
ment, because feedback was not altered, mean com- 
pewation and adaptation for each subject were calcu- 
lated with respect to the feedback alteration used in the 
adaptation experiment.) 

15. Analysis-of-variance tests of path projection chang- 
es (test phase - baseline) across subjects in the 
adaptation and control experiments were computed 
from formant data cdlected when subjects whis- 
pered while hearing feedback (for the compensation 
analysis) or while hearing was blocked by masking 

noise (for the adaptation analysis). The interaction of 
experiment type (adaptation versus control) and path 
projection changes was used to judge significance. 

16. For a given test word, mean generalization was com- 
puted as: (mean test word relative adaptation)/(mean 
training word relative adaptation), where relative ad- 
aptation was computed by subtracting adaptation 
seen in the control experiment from that seen in the 
adaptation experiment. 

17. Tests of significant generalization were based on 
computing the significance of test word adaptations, 
which were computed the same way as the training 
word adaptation significance tests described in (15). 

18. We had technical problems estimating the formants 
of whispered [ij and [a]; thus, productions of "peep" 
and "pop" were exduded from our results. 

19. We thank J. Perkell. K. Stevens, R. Held, and P. 
Sabes for helpful discussions. 
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Mass Spectrometric Analysis of the TO analyze the composition of the 

Anaphase-Promoting Complex from Yeast: APC, we labeled cells expressing Cdcl6p 
with Myc epitopes (Cdcl6-Myc6p) with 

ldentif ication of a Subunit Related to Cullins "S1 and the complex was immunoprecipi- 
tated with an antibody to Myc (I I). Pro- 

Wolfgang Zachariae, Andrej Shevchenko, Paul D. Andrews, 
Rafael Ciosk, Marta Galova, Michael J. R. Stark, 

Matthias Mann,* Kim Nasmyth* 

Entry into anaphase and exit from mitosis depend on a ubiquitin-protein ligase complex 
called the anaphase-promoting complex (APC) or cyclosome. At least 12 different sub- 
units were detected in the purified particle from budding yeast, including the previously 
identified proteins Apcl p, Cdcl 6p, Cdc23p, Cdc26p, and Cdc27p. Five additional sub- 
units purified in low nanogram amounts were identified by tandem mass spectrometric 
sequencing. Apc2p, ApcSp, and the RING-finger protein Apcl 1 p are conserved from 
yeast to humans. Apc2p is similar to the cullin Cdc53p, which is a subunit of the 
ubiquitin-protein ligase complex SCFCd* required for the initiation of DNA replication. 

T h e  APC mediates cell cycle-regulated 
ubiquitination, and thereby degradation, of 
proteins containing sequences called de- 
struction boxes (1-4). Entry into anaphase 
depends on the degradation of proteins such 
as Pdslp and CutZp, which inhibit sister 
chromatid separation (5, 6). Degradation of 
mitotic cyclins inactivates cyclin-dependent 
kinases (CDKs), which is important for exit 
from mitosis and is a prerequisite for DNA- 
replication in the subsequent cell cycle (7). 

Five subunits of the yeast APC (Apclp, 
Cdcl6p, Cdc23p, Cdc26p, and Cdc27p) 
have been identified through genetic anal- 
ysis (3, 8). However, additional subunits 
were detected in APC particles purified 
from yeast and Xenopus oocytes (8,9). Ad- 
vances in the analysis of proteins by mass 
spectrometry and sequencing of the entire 
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berg, Germany. 
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yeast genome provide a strategy to identify 
the components of multiprotein complexes 
that can be biochemically purified (10). We 
used this approach to identify five addition- 
al subunits of the APC. 

A "S Silver stain 

teins of -90 ( A ~ C Z ~ )  and .70 kD were 
detected in addition to Apclp, Cdcl6- 
Myc6p, Cdc27p, and Cdc23p (Fig. 1A). 
Mass spectrometric analysis revealed that 
the 70-kD band consists of two proteins, 
p70 (ApcSp) and p68 (Apc4p). Proteins 
migrating at -40 (Apc9p), 32 (ApclOp), 
23 (Apcl lp), 20 [Cdc26p (8)], and 19 kD 
(Apcl3p) were also detected (Fig. 1B). 
All of these proteins were detected in 
precipitates from strains expressing differ- 
ent epitope-tagged APC subunits but not 
from control strains, indicating that the 
yeast complex contains at least 12 differ- 
ent subunits. 

To identify these proteins, we purified 
the APC from CDC16-myc6 or CDC23- 
myc9 strains (12). One-step immunopre- 
cipitations from unfractionated cell extracts 
yielded enough material to detect individ- 
ual subunits on silver-stained gels (Fig. 1A). 

Fig. 1. Subunit composition of the APC. (A) Detection and purification of APC subunits. Proteins 
immunoprecipitated with an antibody to Myc from extracts from CDC16 (wild type or PDS1 -mycl8) and 
CDC16-myc6 cells were separated in SDS-polyacrylamide gels. Proteins from 35S-labeled cells (5 x 
lo7) were detected by fluorography (1 1) (left). For mass spectrometry, immunoprecipitates from 101° 
cells were detected by silver staining (12, 13) (right). (Uj A protein coimmunoprecipitating with Pdsl- 
Mycl8p. Pdsl p is stained only weakly. (*) Proteins whose precipitation is not Myc-dependent. (B) Small 
APC subunits. lmmunoprecipitates from 35S-labeled cells expressing Myc-tagged APC subunits were 
separated in a 4 to 20% gradient gel. Molecular sizes are indicated on the left (in kilodaltons). 
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N4-t-inus Fig. 2 Protein identification by nanoelectrospray 
tandem mass spectrometry. (A) Parent ion scan 
Spectrum (13) of the tryptic digest of the 70-kD 
band. Tandem mass spectra were obtained from 

6 all labeled peaks that were identified as peptides 
from trypsin (*), keratins (k), Apc5p (T,+*, 
CVILLU(: T2'2, A L E m V ,  and &dp fi,'2, 

nth LAVIPIR; b+2, IIIYVEK) (29). (B) Identification of 
Apc4p from the tandem mass spectrum of the 

doubly charged ion h+2 [unfilled arrow in (A), mass-to-charge ratio b/z) = 439.21. The partial tandem 
mass spectrum above the parent ion was acquired separately (31 scans accumulated) and then 
combined with the full-scan spectrum (8 scans accumulated). This eliminated the chemical noise in the 
most informative part of the spectrum. Databases were searched with peptide sequence tags derived 
from the mass differences between adjacent COOH-terminal ions (Y" ions) (30). After retrieval of the 
matching sequence, detection of all predicted ions confirmed the identification. (C) Identification of 
Apc5p in the 70-kD band. The tandem mass spectrum of the peak at m/z = 539.8 [filled arrow in (4 
yields an ion series (filled arrowheads) from an ApcSp peptide (upper sequence) and another series 
(unfilled arrowheads) from a trypsin peptide (lower sequence; C, cysteine S-acetamide). 

Fig. 3. Characterization of A "Y B 
m 

the identified proteins as 2 5 9 - 
APC subunits. Wild-type ( D V I  7 - 
cells and cells express- 3 $ % q %  8 

g $ g t F E  T ing Myc-tagged proteins u ) m -  ,g 0 o o L U  
2 2 2 ' 4  

were labeled with 3% for h " p U 2  
z u  2 9 9 2  , $ : : ? p  

150 min at 30°C (A), for S ~ G C ~ G  
180 min at 23% (B), or ,,,- o a Q  e a r n  - - A[ Z U U T T O  
for 90 min at 25°C and 
then for 60 rnln at 37°C 

W- m I~dcl~-~yc~ (C) and processed for g,- 

- 9  ;-I Cdcl6 Apc2 
~mmunoprec~p~tat~ons (7 7, * - -  A ~ C S - M ~ C B  

76)Cselp1snotanAPC , , r - ~ a ~ 5 r ~ ~ d c 2 7  
component (8). (*) Pro- m ~ A P C S  Apc4 

teins whose isolation was * -- \ Cdc23 
not Myc-dependent. (A) * 6 ~  -0; 
APC subunits immuno- 
precipitated from APCS- - A ~ C S  

myc9 and ilapc9 cells. (B) - -  - 
Identification of Apcl 1 p 30 - - ApclO/Docl 

as an APC subunit. (C) 
APC subunits immunoprecipitated from A m - m y c 9  and Acdc26 cells. 

Proteins were identified by nanoelectro- 
spray tandem mass spectrometric sequenc- 
ing (13). The identification of two proteins 
in the 70-kD band is shown in Fig. 2. 
Because of the small amount of protein, a 
normal nanoelectr~spra~ mass spectrum 
failed to provide clear peptide candidates. 
However, peptide ions could be distin- 
guished from chemical noise by parent ion 
scans (13) (Fig. 2A). Fragmentation of all 
peptide ions led to the identification of four 
peptides from two different yeast proteins 
(Fig. 2, B and C). One of the peptides was 
identified in a mixture with a peptide from 
trypsin (Fig. 2C). The mass spectrometric 
analysis identified ApcZp, ApcSp, Apc4p, 
Apc9p, and Apcl lp  as the gene products of 
the open reading frames [ORFs (14)] 
YLR127c [853 amino acids (aa)], YOR249c 
(685 aa), YDR118w (652 aa), YLR102c 
(265 aa), and YDL008w (165 aa), respec- 
tively [Fig. 2 and (1.5)]. 

We confirmed the identity of these pro- 
teins as A& subunits by modifying the 
endogenous genes to encode epitope-tagged 
variants (16). Immunoprecipitates from 

Fig. 4. Charactetization A * B Clb2 Clb2ADB Clb3 Cychn 
of Apcl 1 p. (A) Slmllanty HS iWRSchm@vZiq. ................. 
of Apcf 1 p to a family Rn b ! & v K I h W Q V A T W L ~ A N .  ................. DENCGICFiWSNWCPDCK 
of RING-finger proteins, Dm P!~WTIKSWTGVA?WRWI~. ................ .DKNCQICRMSPESWPECA - 5 9  - 5 $  - 5 $  Extract Sp MXVKILRYHAIAliWWD?PK ................. D3iCGICRVPPXCCPQCT 
The 112 NH,-terminal resf- Sc MXVKIN~~AWSW~~IPSTSDEDAANNDPIGNDEDED~JCGXCR~S~:~TCPSC~ 220- 

dues of Apcl 1 p (Scl were 
al~gned w~th ORFs encod- * *  * 

......... ed by ESTs from hu- HS ~~. .......... mans (Hs. gb AA541685). $ ~ ~ ~ ~ $ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  :QSWRINVH. 

i ] ~"bl.ycll. 
:QEWKFKE 97- r 

........ 
rat (Rn, gb H32307), sp S P G D P ~ C P I ~ ~ ~ C F ~ I R I A H C I Q ? ~ T S L ~ ~ ~ ~ ~ ~ A ~ ~ ~ Q T ? ~ " J R D S T N E K S ~ Q .  
Drosophila melanogasfer sC F P G W P L V i G L C ~ I R I C B C I 1 R w L D T P T S P G L C P M C R ~ Q  

(Dm, qb AA202488), and "-rn +Free cyclm 

S. pornbe (Sp, dbj 
AB001022; an intron was removed) (79). (*) Zinc-binding residues conserved in and shifted to 37OC for 30 min. Extracts were incubated with adenosine 5'- 
RING-finger proteins (20). Residues identical in at least three sequences are shaded triphosphate and HA3-tagged cyclins (4). Cyclin-ubiquitin conjugates were de- 
(29). (B) Cyclin ubiquitination in extracts from wild-type (WT) and APC7 7-mvc9 tected by immunoblotting with an antibody to HA. Clb2ADBp lacks the destruc- 
cells. Strains (MATa Apep4 Abar7) were arrested in G, with a-factor at 23°C tion box. 
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APC2-myc9, APC4-myc9, APC5-myc9, and 
APC1 I-myc9 cells all contained the same 
set of proteins, which included all known 
constituents of the yeast APC (Fig. 3). Co- 
immunoprecipitation of Apc9p with 
Cdcl6-Myc6p or Apc5-Myc9p was depen- 
dent on the APC9 gene (Fig. 3A). Recent- 
ly, the DOC1 gene, which encodes a 33-kD 
protein required for cyclin proteolysis, was 
identified through genetic analysis (17). 
Immunoprecipitations from 35S-labeled 
DOC 1 -myc9 and CDC 16-myc6 DOC1 - 
HA3 cells revealed that DOC 1 encodes the 
APC subunit ApclOp (1 8). 

One copy of each ORF in diploid 
strains was replaced by a HIS marker (16). 
Tetrad analysis revealed that APC2, 
APC4, APCS, and APCI I are all essential 
genes. His+ spores arrested as large, bud- 

ded cells within one to three cell divisions 
after germination. 

Haploid cells containing a deletion of 
APC9 were viable at 25" and 37°C. How- 
ever, Cdc27p was largely absent in precipi- 
tates from Aapc9 strains (Fig. 3A). Apc9p 
might stabilize the interaction of Cdc27p 
with the APC. After release of small G, 
cells at 37OC, spindle elongation and sister 
chromatid separation were delayed by 15 
min in Aapc9 cells (18). Although not an 
essential gene, APC9 is required for effi- 
cient entry into anaphase. CDC26 encodes 
another nonessential APC subunit whose 
function is only required for growth at in- 
creased temperatures (8). In immunopre- 
cipitates from Acdc26 strains, the amounts 
of Cdcl6p, Cdc27p, and Apc9p were re- 
duced, whereas the other subunits were still 

associated with each other [Fig. 3C and 
(18)l. Cdc26p might be required for the 
incorporation of a set of subunits into the 
APC, especially at increased temperature. 

Database searches (1 9) identified 
Apcl l p  as a member of a conserved family 
of proteins containing a RING finger (Fig. 
4A). The RING domain contains two zinc 
ions, is found in many eukaryotic proteins 
with diverse functions, and is thought to 
mediate protein-protein interactions (20). 
Incubation at 37OC of an APC11-myc9 
strain led to the accumulation of cells with 
short and long spindles, indicating a defect 
in the onset of anaphase and exit from 
mitosis. (18). Extracts from GI-arrested 
APCl1-myc9 cells shifted to 37°C were de- 
fective in the ubiquitination of mitotic cy- 
clins (Fig. 4B). 

Database searches (1 9) revealed similar- 
ity of the COOH-terminal region of Apc2p 
to a putative ORF from Caenorhabditis el- 
egans (K06H7.5) and to a mouse protein 
whose COOH-terminal 426 amino acids 
could be assembled from expressed se- 
quence tags (ESTs) [Fig. 5A and (18)]. The . - - . . . . . . . 

'1s . . . . . . . 
H S  . . . . . . . 
ins. . . . . . . 
WSNLNSIW 

mouse sequence is 96% identical to that of 
human Apc2p (21). Apc2p contains a re- 
gion of 180 aa with similarity to a family of 
proteins called cullins, which include yeast 
Cdc53p (22) (Fig. 5A). Cdc53p is a subunit 
of the SCFa4 ubiquitin-protein ligase 
complex, which mediates ubiquitination of 
the CDK inhibitor Siclp by the ubiquitin- 
conjugating enzyme Cdc34p (23). Degrada- 
tion of Siclp is essential for entry into S 
phase (24). Cullins are therefore involved 
in both chromosome duplication and sister 
chromatid separation. Apc2p and Cdc53p 
mav interact with comDonents commonlv 

B C D 
apc2-1 apc2-1 bpdsl A Time (min) 125 , I 125 , I 

required by various ubiquitin-protein li- 
gases such as ubiquitin-conjugating en- 
zymes. Indeed, Cdc53p binds Cdc34p, and 
this interaction is abolished by mutations in 
the region with similarity to Apc2p (25). 

To analyze the function of ApcZp, we 
mutagenized the gene in vitro, and two 
alleles conferring cell cycle arrest at 37°C 
were integrated into a haploid strain con- 
taining a deletion of the genomic APC2 
gene (26). We monitored sister chromatid 

A A L -3 100 150 200 250 0 50 100 150 200 250 
I I 
1C 2C 

Time (min) Time (min) 

Fig. 5. Analysis of Apc2p. [A) Align- E Clb2 

ment of Apc2p (aa 490 to 669) with r Clb3 Cyclin 
Q - cu 

Apc2p-related sequences from C. 
- cu + g  5 2 3 + 2 Extract 

elegans (CeK06H7.5) and mouse * 3 7  3 2 ; - 3 % % 2  
[MrnApcZ) and with cullins (79, 22). 220- 

Residues identical in at least four L 
sequences are shaded (29). (B) rn 

separation in cells expressing a tet repressor- 
rrreen fluorescent m rote in fusion (tetR- 
GFP), which binds ;o an array of tet'oper- 
ator sites integrated near the centromere of 
chromosome V (27). We isolated small GI 
cells from wild-type and apc2-1 mutant 
strains and followed their progression 
through the cell cycle at 37OC (28). In 
apc2-1 cells, DNA replication and the for- 

DNA content after release at 37'C 
of small G, cells contalnlng apc2-1 66- +Free cyclln 
(28). Other apc2-7 stra~ns qave 

~ d s  (O), shc 
ing from PC 

> --,.> 

slmllar results (C) ~ e r c e n t a ~ e b f  cells with b~ )rt sp~ndles ( -), long sp~ndles (a) separated 
aster chromat~ds (two GFP dots, ), and sta~n Is1 -Mycl8p (V) after release at 37°C of small 
G1 cells contaln~ng a ~ c 2 -  7 tetO tetR-GFP or apcr- 7 rub 7 -myc78 Budd~ng and splndle format~on were 
s~rnllar In both stra~ns (D) Release at 37°C of small G, cells contalnlng apc2- 7 Apds 7 tetO tetR-GFP (E) 
Cyclin ub~qu~tlnation In extracts from w~ld-type (WT), l apc2  APC2 (APC2). Aapc2 apc2-7, and Aapc2 
apc2-2 cells Stra~ns (MATa Apep4 Abarl) were arrested In G,, and extracts wereanalyzed as ~n Flg 48 

mation of mitotic spindles occurred at the 
same time (relative to budding) as in wild- 
type cells. However, most of the mutant 
cells failed to seDarate sister chromatids and 
to elongate their spindles. Cytokinesis and 
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re.repllcation were colnpletely blocked [Fig, K acetate concentration in mill~molar) conta~n~ng aligned wlth CLUSTAL W [J. D. Thompson, D G 

5, B and C; the wild-type strain a.as aria- 
BSAadwl th 1 ml of buffers B10O1B120, and B150, Higgns, T. J. Gbson, ~Vucleic Acids Res. 22, 4673 
contanng insulin (0 1 mg/ml). Prestained protens (1 994)] 

lyzed in (27)l. Degradation of Pdslp, which (Ranbow, Amersham) were used as molecular slze 20. K. L B. Borden and P. S. Freemont. Curr. Ooin 
starts shortly before anaphase, is required markers. Stiuct. Biol 6, 395 (1 996). 

for sister chrolnatid separation (5, 27).  D ~ -  12. TO de"tlfy p90 and p70, CDC16-myc6 or CDC23- 21. H. Yu e ta l ,  Science 279, 1219 (1998). 
myc9 cells (1 0'") (Apep4) were broken n buffer 870 22 E. T. Kipreos etal., Cell85,829 (1 996); N. Mathias et 

tection of P d s 1 - M ~ c 1 8 ~  that 14 m (1 I ) ]  Extracts were centr~fuged tw~ce (20 mn,  a/., Mol. Cell Biol 16, 6634 (1 996). 
rested apc2-1 cells contained large amounts 18,OOOg) and Incubated w~th protein A-Sepharose 23. D. Skowyra et a/., Cell 91, 209 (1997); R. Fedman, 

of pdslp  ( ~ i ~ .  j c ) ,  ~ ~ l ~ ~ i ~ ~  of the p ~ S l  (2 "1) for 1 hour and wlth 9El 0-beads (0.2 ml) for 2.5 C. C. Correll, K. B. Kapan, R. J. Deshaies, ibid., p 
hours. Beads were washed three times wlth 4 m of 221 

gene to separate sister buffer 8100, B150, and 8200 contain~ng Insulin (0.1 24. E Schwob, T. BBhm, M. D. Mendenhall, K. 
chromatids (Fig. j D ) .  However, spindle mg/ml) and with 2 ml of buffer B contanng 50 r n ~  Nasmyth, ibid. 79, 233 (1994). 

was slower in apc2-1 Qdsl cells Na acetate. Protelns eluted w~th SDS were separat- 25. A. R. W~llems etal., ibid. 86, 453 (1996); M. Tyers, 
ed on SDS-polyacrylamide gels. p40 and p23 were personal commun~cat~on. 

than in wild-type the Identified n mmunoprec~pitates from 5.5 x 101° 26. ape2 mutants were generated as descr~bed [S. H. 
of apc2-1 cells to  enter anaphase may result cells. MacKeve, P. D. Andrews, M J. R.  Stark, Mol Cell. 

prilnarilr from a defect in the degradation 13. Protelns were vsuaized by silver sta~nlng and digest- Biol. 15, 3777 (1995)l. The Xho I to Nde I fragment 

of pdslp. apc2-l a.ere also defective in ed "he gel with trypsln [A. Shevchenko, M. W m ,  was removed from theAPC2 gene (Ca I to Bgl I )  In a 
0 .  Vorm, M. Mann, Anal. Chem. 68,850 (1996)l. The CEN-LEU2 plasmd. This DNA was transformed, to- 

degrading the lnitotic cyclin Clb2P ( l a ) .  d~gest was analyzed by nanoelectrospray tandem gether wlth a mutagenized ape2 fragment (-29 to 
Extracts prepared from GI-arrested apc2-1 mass spectrometry [M. W m  etal., Nature 379, 466 +2554, ATG = + I ) ,  into a Aapc2,:TRPI stra~n con- 

and apc2-2 were defective in the ubiq- (1996)l. Parent o n  scans for the mmonum ons of talnlng a CEN-URA3-APC2 plasmd. After selection 
eucne and ~soleuc~ne were used to detect pept~de of transformants showing cell cycle arrest at 37"C, 

uitination of mitotic cyclins (Fig. i E ) ,  indi- [M, Wllm, G, N ~ ~ ~ ~ ~ ~ ~ ,  M, Mann, Anal, chern, mutant ape2 alleles and the wild-type gene were 
eating that the defect in  proteolysis results 68, 527 (1996)l. Relat~ve to a BSA standard, the Integrated at the his3 locus of the Aapc2:.TRPl 

from defective ubiquitination. amount of proten available for mass spectrometric stran. 
dent~ficat~on was -1 0 to 20 ng per band 27. C. M~chael~s, R. Ciosk, K. Nasmyth, Cell 91, 35 

Yeast Apcip shows silnilarity hulnan 14. ORF desgnatlons are from the Saccharomyces ge- (1 997). 
Apcip  (21) and to the  putative ORF nome database. 28. Small G, cells were eutrated from stralns grown at 
M163.4 frorn C. elegans. The yeast Apc4p 15. A. Shevchenko and M. Mann, unpublshed results. 21'C [E. Schwob and K. Nasmyth, Genes Dev. 7, 

shou,s a.eak silnilarity to the hu- 16. All strains are W303 derlvatves. ORFs were tagged 
160 (1993)l. cflOmetrlc DNA quanttatlon, in- 

at the COOH-termnus w~th three hemaggutlnln A direct immunofluorescence (to detect Pdsl - ~ y c l 8 p  
lnan A ~ c 4 ~  (21 ) and to the ORF (HA) or nne Myc eptopes (8). At 37% DOC1-HAS, and spindles), and observat~on of tetR-GFP were 

Z972L19 from Schizosaccharomyces pombe, DOC1-myc9, and APCI I-myc9 strains arrested in as described (27). 

which is Inore closely related to the human mltosls. A other strains (~ncluding APC1 I-HA3) 29. Amno acids: A, C, Cys; D, E, F s  Phe; 
grew normally, indcating that these tagged proteins G, GY;  H, HIS; 1 ,  e ;  K, LyS; L, Leu; M, Met; N, Asn; P, 

protein. Apc4p might represent a n  A P C  were fully functional. O R F ~  were replaced with a S, Pro; Q, Gn; R, Arg; S, Ser; T, Thr, V, Val; W, Trp; and 

component that has diverged more during pombe his5+ cassette ampiifled from pFA6a- Y s  Tyr. 

evolution than the  other subunits. N o  ho- ~ 1 ~ 3 ~ x 6  [A, Wach, A. Brachat, C. ~ l b e f l l - ~ e g u ~ ,  C. 30. M. Mann and M. WIm,Anal. Chem. 66% 4390 (1994). 

Reblschung, P. Philppsen. Yeast 13, 1065 (1 997)]. 31. We thank A. Hyman for bringing together the labs of 
have been identified for Apc9p' 17. L. H Hwang and A. W. Murray, Mol. Biol. Cell 8, M.M and K.N.; A Schleiffer and B. Habermann for 

Thus, in addition to Apc lp ,  Cdc lbp ,  1877 (1 997) sequence al~gnments; A. Wach for pFA6a-HS3MX6; 
C d c l ? ~ ~ ,  Cdc27p, and ApclL1p/Doclp, a t  18. W. Zachar~ae and K. Nasmyth, unpubl~shed results. 

H. -M. Peters' R. King' M. Kirschner' and M. 

least ~ ~ ~ j ~ ,  and ~~~l lp  lnighr be 9 .  Databases were searched w~th Gapped BLAST Tyers 'Or communicating results; and M' 'Iotzer' L' 

,S, F, Altschul et Nucleic Acids Res, 25, 3389 
Huber, U. Muhner, and J.-M. Peters for reading the 

conserved subunits of the  A P C  in all (1997)1, ESTs were assembled with AssemblyilGN 
manuscript. 
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