
The proinflammatory effects of CD95L 
ha\-e raised questiolls about its contribution to 
ilnlniule pr i~i lege  (3. 5, 16) .  tolerance. and 
graft su rv i~a l  (8-10). Although it triggers 
apoptosis in T lymphocytes ( 2 )  (Fig. 2D). 
CD95L unexpectedly stimulated PMN acti- 
].ation. As described for other PXIN sti~nu- 
lants (1 '). this actil-ity is dependent on its 
ability to ellhance p38 hIAPK ac t i~ i ty  (Fig. 
3).  P L K s  directly mediate cytolysis of 
CD95L- cells, and this effect is inhibited by 
TGF-P. which is present in the aqueous hu- 
mor ( 13). TGF-P also plays a role in ilnln~llle 
tolerance through this ~nechanisnl and its ef- 
fect on T cell proliferation. .Although it inhib- 
its p38 MAPK actix ity in other cells ( l a ) ,  its 
effect on innate immune responses lnediated 
by neutrophils n-as previously unk~lon-n. To- 
gether CD95L and TGF-p prolnote lympho- 
cyte clonal deletion and suppress inflamma- 
tion. Thus. p r o d i n g  a microenr.ironmlellt 
that includes both of these ele~nellts may aid 
in alnelioratioll of allograft rejection at non- 
privileged sites. Both CD95L and TGF-P1 
ha\ e also been detected in tumors. pasticular- 
1y in the extracellular matrix. where they may 
inhibit innnullologic recogllitioll of malig- 
nallcies (6. 19) .  Successful i~nmune theravies 
for cancer are likely to require strategies to 
re\-erse this ~nechanisln of irnlnune suppres- 
si011 in rive. 
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Identification of Two Distinct 
Mechanisms of Phagocytosis 
Controlled by Different Rho 

Emrnanuelie Caron and Alan Hall* 

The complement and immunoglobulin receptors are the major phagocytic 
receptors involved during infection. However, only immunoglobulin-dependent 
uptake results in a respiratory burst and an inflammatory response in macro- 
phages. Rho guanosine triphosphatases (molecular switches that control the 
organization of the actin cytoskeleton) were found to be essential for both 
types of phagocytosis. Two distinct mechanisms of phagocytosis were iden- 
tified: Type I, used by the immunoglobulin receptor, is mediated by Cdc42 and 
Rac, and type II, used by the complement receptor, is mediated by Rho. These 
results suggest a molecular basis for the different biological consequences that 
are associated with phagocytosis. 

Phagocytosis is the process by which cells 
recognize and ellgulf large particles (>O.5 
p n )  and is important to host defense mech- 
allisms as well as to tissue repair and mor- 
phogenetic remodeling. Two of the best char- 
acterized phagocytic receptors in macro- 
phages, the complement receptor 3 (CR3) 
and Fc gamma receptors (FcyRs), are in- 
vol1-ed in the uptake of opsollized microor- 
ga~lislns during infection. CR3 binds C3bi on 
complement-opsollized targets. whereas 
FcyRs bind to immu~loglobulin G (1gG)- 
coated targets. Phagocytosis by both types of 
receptors is d r i ~ e n  by the reorgallizatioll of 
filalnentous actin (F-actin), but the mecha- 
aisms of uptake appear to be different (1, -7). 
First, FcyR-mediated uptake is acco~npallied 
by pseudopod extension and me~nbrane ruf- 
fling. whereas complement-opso~lized targets 
sink into the cell, producillg little protl-usi~ e 
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ac t i~ i ty  (3). Second, FcyR ligation is accom- 
panied by the ac t i~at ion  of the respiratory 
burst (to produce reactive oxygen species) 
and by the production of arachidonic acid 
metabolites and cytokines, such as tumor ne- 
crosis factor-n. C3bi-dependent uptake oc- 
curs in the absence of any of these proinflam- 
matory signals (4-6).  

The Rho family of small guanosine triphos- 
phatases (GTPases) is in\ o l ~  ed in the reorgani- 
zation of filalnentous actin structures in re- 
sponse to extracellular sti~nuli (7). Rho induces 
the assembly of contractile actomyosin fila- 
ments, ~vhereas Rac and Cdc42 control actin 
polymerization into la~nellipodial and filopodial 
membrane protrusions, respectively (8, Y). In 
addition, these GTPases can affect gene tran- 
scription [through the ac t i~a t ion  of nuclear 
factor kappa B; through the c-Jun NH,- 
ternlinal kinase (JNK), and through the p38 
mitogen-activated protein kinase (MAPK)]. 
and Rac regulates the reduced for111 of nic- 
otinamide adenine dinucleotide phosphate 
(NADPH) oxidase enzyme complex that is 
responsible for the respiratory burst (10, 
11 ) .  \L7e ha\ e. therefore, analyzed the rela- 
tiye roles of Rho. Rac, and Cdc42 in FcyR- 
and CR3-mediated phagocytosis. 
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Quiescent, serum-starved Swiss 3T3 fibro- 
blasts provide a simple model for studying the 
formation of polymerized actin structures that 
are induced by extracellular stimuli (8, 9). To 
analyze the effects of FcyR and CR3 receptor 
activation on actin, we microinjected quiescent 
cells with either a plasmid encoding the single 
FcyRIIA chain or with a combination of plas- 
mids encoding the two chains of the CR3 inte- 
grin receptor (CD I 1 b and CD 18) (12). Surface 
expression of the receptors, visualized by im- 
munofluorescence 2 hours after microinjection, 
did not in itself affect cell morphology or F- 
actin distribution (Fig. 1A). However, antibody 
cross-l ihg of FcyRII resulted in the forma- 
tion (within 10 min) of filopodia, accompanied 
by localized ruffles (Fig. 1B). After 30 min, 
cells harboring cross-linked FcyR showed a 
contracted morphology and contained stress fi- 
bers. Antibody cross-linking of CR3 induced 
rapid cell contraction and F-actin reorganiza- 
tion into stress fibers with no evidence of filop- 
odia or larnellipodial protrusions (Fig. 1C). 

To determine whether changes in the actin 
cytoskeleton were mediated by the activation of 
Rho GTPases, we expressed the phagocytic 
receptors along with inhibitors of Rho, Rac, or 
Cdc42. Coinjection of a dominant negative 
Cdc42 construct blocked the formation of all 
filamentous actin structures upon FcyRIIA li- 
gation (Fig. ID), whereas dominant negative 
Rac blocked ruffling and stress fibers but not 
filopodia. With CR3, dominant negative Cdc42 
or Rac constructs had no effect on the induced 
actin changes, whereas the Rho inhibitor (C3 
transferase) blocked all actin changes. Thus, 
FcyRIIA cross-linking specifically results in 
the activation of Cdc42, which in turn activates 
a previously described Cdc42-Rac-Rho cascade 

(8, 9). However, cross-linking of the integrin 
receptor CR3 activates only Rho. 

As a first step toward analyzing the role of 
Rho GTPases in phagocytosis, plasmids en- 
coding FcyRII or CR3 receptors were trans- 
fected into COS cells. Cells were then pre- 
sented with red blood cells (RBCs) that were 
opsonized with either IgG (for FcyR) or C3bi 
(for CR3), and the efficiency of particle in- 
ternalization was determined (13, 14). Nine- 
ty-seven percent of FcyR-expressing COS 
cells were able to bind IgG-opsonized cells, 
and -60% of expressing cells contained one 
or more internalized particles (Fig. 1E). Co- 
transfection of the two chains of the CR3 
receptor resulted in 70% of CW-expressing 
cells binding to opsonized particles, and 
-50% of these showed one or more intemal- 
ized particles. Both chains of the CR3 recep- 
tor were needed for the efficient binding and 
ingestion of complement-opsonized cells 
(Fig. IE). Next, both phagocytic receptors 
were cotransfected with dominant negative 
versions of Rho, Rac, or Cdc42 or with the 
specific Rho inhibitor (C3 transferase). None 
of the inhibitors had any substantial effect on 
the binding of opsonized RBCs to either 
CR3- or FcyR-expressing COS cells (Fig. 
1E). Dominant negative Cdc42 and dominant 
negative Rac (Fig. 1E) showed no inhibitory 
effect on the phagocytic behavior of CR3- 
transfected COS cells, whereas both domi- 
nant negative Rho and C3 transferase showed 
essentially complete inhibition of CR3-medi- 
ated phagocytosis (Fig. 1E). For FcyR-medi- 
ated phagocytosis, dominant negative Rho 
and C3 transferase had no effect, whereas 
dominant negative Cdc42 and dominant neg- 
ative Rac abolished particle internalization 

(Fig. 1E). Thus, CR3-mediated phagocytosis 
in COS cells is mediated by Rho, and FcyR- 
mediated phagocytosis is mediated by a com- 
bination of Cdc42 and Rac. 

To determine whether Rho GTPases con- 
trol phagocytosis in professional phagocytic 
cells, we treated the mouse macrophage cell 
line 5774 with toxin B from Clostridium dif- 
ficile, an inhibitor of all members of the Rho 
family (15). A pretreatment (2 hours) with 
toxin B inhibited (in a dose-dependent man- 
ner) both CW- and FcyR-mediated phagocy- 
tosis but had no effect on the initial binding 
of opsonized targets to 5774 macrophages 
(15). To identify the specific GTPases in- 
volved, we microinjected 5774 cells with 
plasmids that encoded inhibitors of Rho, Rac, 
and Cdc42 (16). Representative examples of 
the results that were obtained for FcyR-me- 
diated phagocytosis are shown (Fig. 2, A 
through H). C3 transferase-expressing cells 
(Fig. 2, C, D, and I) or dominant negative 
Rheexpressing cells were as competent as 
control cells (Fig. 2, A, B, and I) at intemal- 
izing IgG-opsonized RBCs, which appear as 
swollen particles in vacuoles (14). In con- 
trast, macrophages expressing dominant neg- 
ative Rac (Fig. 2, E, F, and I) or dominant 
negative Cdc42 (Fig. 2G, H and I) were 
unable to carry out FcyR-mediated phagocy- 
tosis, as attested by the crenated morphology 
of the RBCs (14). As an alternative to using 
dominant negative proteins, the Cdc42-bind- 
ing domain of a specific Cdc42 target protein, 
Wiscott-Aldrich syndrome protein (WASP) 
(1 7), was also used, which completely pre- 
vented FcyR-mediated phagocytosis (Fig. 
21). In agreement with the results presented 
here, an earlier report showed that both Rac 

Fig. 1. Activation of Rho GTPases by FcyR and CR3 recep- E 
tors in Swiss 3T3 fibroblasts and in COS cells. (A through 
Dl Cross-linking of FcvR or CR3 rececitors activates Cdc42 
o; Rho in 5wGs 3 ~ 3 '  fibroblasts.  lact tin distribution in 
microinjected (72) subconfluent serum-starved fibroblasts 
expressing FcyRll [(A), (B), and (D)] or CR3 (C), which were 
subjected to  receptor crosslinking for 10 min [(B) and (D)] 
or 30 rnin (C), is shown. In (D), cells were coinjected with 
N17Cdc42. Scale bars. 10 Fm. (E) Rho CTPases control 
FcyR- and CR3-mediated phagocytosis in COS cells. COS 
cells were cotransfected (73) with phagocytic receptors 
[that is. FcvRllA or CR3 (CDl lb+CD18)1 and with either an 

FcyRllA CDll  b+CD18 

empty vector (-) or w'ith vectors exdiessing Myc-tagged Phagocytosls Attachment Phagacytosls Attachment 
versions of C3 transferase (C3), dominant negative Rac (%I (%) (%) (%I 
(N17Rac), or dominant negative Cdc42 (N17Cdc42). 
Phagocytosis assays were then performed (n 2 3) with appropriately opsonized RBCs; 2100 transfected cells were scored for their ability to  bind 
(right) or phagocytose (left) RBCs (mean T SEM). 
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and Cdc42 are required for FcyR uptake (18). 
Another report, however, suggested that Rho 
is also required for FcyR uptake, but in those 
experiments, Rho inhibition prevented even 
the binding of opsonized particles (19). 

Representative examples of the results that 
were obtained for CR3-mediated phagocytosis 
are shown (Fig. 3). In this case, rnacrophages 
expressing dominant negative Rac (Fig. 3, E, F, 
and I) or dominant negative Cdc42 (Fig. 3, G 
through I) were as competent as control cells 
[Fig. 3, A, B, and I (lei?)] at internalizing com- 
plement-opsonized RBCs. C3 transferase-ex- 
pressing cells (Fig. 31) or dominant negative 
Rhwexpressing cells (Fig. 3, C and D), how- 
ever, were unable (up to 90% inhibition) to 
cany out CR3-mediated phagocytosis. Thus, 
FcyR receptors activate Cdc42 and Rac, and 
both these GTPases (but not Rho) are required 

for phagocytosis. CR3-mediated phagocytosis 
occurs through a distinct cellular mechanism 
and is dependent on Rho (but not dependent on 
Rac or Cdc42). 

To determine whether Rho GTPases are 
differentially recruited to phagosomes sur- 
rounding IgG- or complement-opsonized parti- 
cles, we analyzed their association with inter- 
nalized particles. In the absence of antibody 
reagents that were sufficiently sensitive to vi- 
sualize all three endogenous Rho GTPases in 
5774 macrophages, the behavior of wild-type, 
tagged GTPases was analyzed in the COS cell 
phagocytosis assay. Opsonized particles that 
were internalized through either CR3 or FcyR 
expressed in COS cells were both associated 
with F-actin. Coexpression of the FcyR recep- 
tor with Myc-tagged versions of wild-type Rho 
(Fig. 4B), Rac (Fig. 4D), or Cdc42 revealed that 

all three GTPases were recruited along with 
actin (Fig. 4, A and C) to the IgG-opsonized 
particles. However, when the experiment was 
repeated with CR3-expressing COS cells, only 
Rho (Fig. 4F), and not Rac (Fig. 4H) or Cdc42, 
colocalized with F-actin (Fig. 4, E and G). 

Thus, Cdc42 is activated after FcyRTI liga- 
tion, and this results in the activation of a 
Rac-Rho cascade and the concomitant associa- 
tion of all three GTPases with the phagosome. 
In this case, both Cdc42 and Rac, but not Rho, 
activities are required for particle internaliza- 
tion. By contrast, CR3-induced phagocytosis 
only results in the activation of Rho, and only 
Rho is recruited to phagosomes surrounding the 
complement-opsonized particles. The fact that 
Rho, Rac, and Cdc42 each interact with distinct 
effector molecules and affect the assembly and 
organization of filamentous actin in very differ- 

Fig. 2 (left). Cdc42 and 
Rac are necessary for 
FcyR-mediated phago- 
cytosis in macrophages. 
(A through H) FcyR- 
mediated phagocytosis 
In j774.Al cells that 
were microinjected with 
biotin dextran and con- 
trol plasmid [(A) and 
(B)], Myc-tagged C3 
transferase [(C) and 
(D)]. Nl7Rac [(E) and 

visualized with anti- 
rabbit IgC [(B), (D), 
(F), and (H)]. Scale bar, 
10 Fm. (I) Quantitation 
of theJ774.Al cell abil- 
ity to bind (right) and 
phagocytose (left) IgC- 
opsonized RBCs and the 
effect of an empty 
vector (-1 or the effect 
of miiroinjected ex- I 
pression vectors en- 
coding C3 transferase 

tive Rac (Nl7Rac), 
dominant negative ~ 1 m ~ ~  
Cdc42 (N 1 7Cdc42), 
or Cdc42-binding do- ~i7cdc42 
main (amino acids N17Cdc42 4 4 

201 through 321) of WASP 
WASP. Data shown 

0 20 40 60 0 20 40 60 80 100 0 20 40 60 0 20 40 60 80 
are the mean ? SEM 
of three to five inde- Phagocytosls Attachment Phagocytosis Attachment 

pendent experiments. ("/.I (%) (%) (%I 
Fig. 3 (right). Rho is necessary for CR3-mediated phagocytosis in (F), and (H)]. Scale bar, 10 Fm. (I) Quantitation of the micro- 
macrophages. (A through H) CR3-mediated phagocytosis in J774.Al injected J774.Al cells ability to  bind (right) and phagocytose (left) 
cells that were microinjected with biotin dextran and control plasmid C3bi-opsonized RBCs and the effect of an empty vector (-) or 

and (B)], Myc-tagged Nl9Rho [(C) and (D)], N17Rac [(E) and the effect of microinjected constructs encoding C3 transferase (C3), 
or N17Cdc42 [(C) and (H)]. Microinjected cells were detected dominant negative Rac (N17Rac). or dominant negative Cdc42 

by costaining with cascade blue-conjugated avidin (A) or 9E10 [(C), (N17Cdc42). Data shown are the mean ? SEM of three to five in- 
(E), and (C)], and RBCs were visualized with anti-rabbit IgC [(B), (D), dependent experiments. 

www.sciencernag.org SCIENCE VOL 282 27 NOVEMBER 1998 1719 



R E P O R T S  

type Rac [(C), (D), (G), and (HI were examined with confocal microscopy. Scale bar, 10 p.m. 

ent ways suggests that the biochemical mecha- 
nisms of particle uptake are quite different (20). 
We propose that the Cdc42/Rac-dependent up- 
take (typified by FcyR) be termed type I phago- 
cytosis and the Rho-dependent uptake (typified 
by CR3) be termed type 11. The recruitment of 
Rho, Rac, and Cdc42 in type I (but only Rho in 
type 11) phagocytosis suggests a molecular ex- 
planation not only for the well-known morpho- 
logical differences observed between FcyR- 
and CR3-mediated phagocytosis but, more im- 
portant, for the different associated biological 
responses (2-6). Because Rac is an essential 
regulatory component of the NADPH oxidase 
enzyme complex and because both Rac and 
Cdc42 activate the JNK and p38 MAPK path- 
ways, the reason why type I, but not type II, 
mediated phagocytosis is accompanied by an 
inflammatory response could be explained ( I  I ,  
21). Finally, type I1 phagocytosis provides a 
possible explanation for the lack of an inflam- 
matory response associated with the uptake of 
apoptotic cells and with the invasion of macro- 
phages by pathogenic microorganisms such as 
Leishmania major and Mycobactenum leprae 
(22). 
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of subagglutining concentrations of IgG or IgM anti- 
bodies to rabbit RBCs (Cappel). RBCs were then 

washed. and IgM-coated RBCs were further opsonized 
by incubation with 10% (vlv) C5-deficient human 
serum for 20 min at 37°C. Under these conditions. 
C3b is rapidly fixed to IgM-coated RBCs and is com- 
pletely converted into C3bi [S. L Newman and L K. 
Mikus. J. Exp. Med. 161. 1414 (1985)l. Opsonization 
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AM IgC-RBCs and C3bi-RBCs appeared to be uniform- 
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ed in Hepes-buffered Dulbecco's modified Eagle's me- 
dium (DMEM) (Cibco-BRL) and added to cells at a ratio 
of -10 RBCs per cell. For phagocytosis assays, comple- 
ment-opsonized RBG were allowed to interact for 20 
min at 37°C with transfected COS cells. IgC-opsonized 
RBG were allowed to adhere to cells for 15 min at 4% 
then unbound RBCs were washed off and phagocytes 
were further incubated for 15 min at 37°C in Hepes- 
buffered DMEM. After fixation and immunofluores- 
cence, transfected COS cells were scored for their abil- 
ity to bind or phagocytose RBCs (14). COS cells were 
examined for phagocytic receptor (control) or Myc ex- 
pression (cotransfection with Myc-tagged constructs), 
and only the positive c& were analyzed for RBC bind- 
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the total number of COS c& per cover slip, that is. 
2100 cells per cover slip. Rhodamine-conjugated don- 
key anti-rabbit lgGs were used to detect RBG. An 
attachment was defined by the ability of injected or 
transfected cells to bind one or more RBCr Phagocyto- 
sis was defined by the a b i l i  of transfected cells to 
internalize one or more RBCs. No difference was ob- 
served in the total number of particles binding to the 
different transfectant populations. 
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with 10% heat-inactivated fetal calf serum (Sigma) 
and 5% penicillinlstreptomycin (Gibco-BRL), were 
plated overnight on acid-washed glass cover slips (13 
mm in diameter) in four-well plates at a density of 
l o5  cells per milliliter in each well. Cells were serum- 
starved immediately before microinjection. Biotin 
dextran (2.5 mg/ml) (Molecular Probes, Eugene. OR) 
was injected alone or with eukaryotic expression 
vectors (0.1 mglml) encoding Myc-tagged GTPase 
constructs into the nucleus of at least 50 cells over a 
period of 10 min. Cells were returned to the incuba- 
tor for 3 hours for optimal expression. RBCs were 
opsonized, and phagocytic assay and immunofluores- 
cence were performed as described (13). The two 
modifications that we introduced were (i) the preac- 
tivation of J774 cells for 15 min at 37°C with phorbol 
12-myristate 13-acetate (150 ng/ml) in serum-free 
medium before the phagocytic challenge with CR3 
targets and (ii) the visualization of microinjected cells 

after staining with cascade blue-conjugated avidin 
(Molecular Probes). To block nonspecific binding of 
antibodies to the Fc receptor, we performed incuba- 
tions with antibodies in the presence of excess hu- 
man or murine IgGs. All injected (cascade blue posi- 
tive) J774.Al control cells or all Myc-expressing mac- 
rophages were assessed (that is, 250  cells per con- 
dition). Microinjection did not affect viability or 
morphology nor did i t  interfere with the cell's ability 
to bind targets. The percentage of phagocytosis- 
competent cells was similar in uninjected cells and 
cells that were injected with biotin dextran. 
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Control of Cyclin Ubiquitination 
by CDK-Regulated Binding of 

Hctl  to the Anaphase 
Promoting Complex 

Wolfgang Zachariae,* Michael Schwab,* Kim Nasmyth, 
Wolfgang Seufertt 

Proteolysis of mitotic cyclins depends on a multisubunit ubiquitin-protein 
ligase, the anaphase promoting complex (APC). Proteolysis commences during 
anaphase, persisting throughout C, unti l  it is terminated by cyclin-dependent 
kinases (CDKs) as cells enter S phase. Proteolysis of mitotic cyclins in  yeast was 
shown t o  require association o f  the APC wi th  the substrate-specific activator 
H c t l  (also called Cdhl). Phosphorylation of H c t l  by CDKs blocked the Hctl-APC 
interaction. The mutual inhibition between APC and CDKs explains how cells 
suppress mitotic CDK activity during G, and then establish a period wi th  
elevated kinase activity from S phase unt i l  anaphase. 

Entry into anaphase and exit from mitosis are 
promoted by APC-dependent proteolysis of 
regulatory proteins (I). Sister chromatid sepa- 
ration requires Pdsl degradation shortly before 
anaphase onset, whereas Cdkl inactivation dur- 
ing late anaphase involves proteolysis of mitot- 
ic cyclins such as Clb2. How activity of the 
APC toward different substrates is regulated 
during the cell cycle is unclear. The APC itself 
might be regulated, because the cyclin ubiquiti- 
nation activity associated with purified APC 
fluctuates during the cell cycle (2, 3). APC- 
dependent proteolysis requires two related pro- 
teins containing Trp-Asp repeats which h c -  
tion as substrate-specific activators. Cdc20 pro- 
motes degradation of "early" substrates such as 
Pdsl and Hctl promotes degradation of "late" 

substrates such k C l b 2  ( 4 4 ) .  In yeast, there is 
an inverse correlation between Cdkl activity 
and degradation of mitobc cyclins (7). Ectopic 
inhibition of Cdkl induces precocious cyclin 
degradation, suggesting a role for Cdkl in the 
inhibition of cyclin proteolysis from S phase 
until anaphase (8). However, the relevant Cdkl 
substrate has not been identified. 

To test whether Hctl is needed for cyclin 
ubiquitination, we incubated extracts from G,- 
arrested wild-type and hctl mutant cells with 
Clb2 and Clb3 (9). Wild-type extracts support- 
ed destruction box-dependent cyclin ubiquiti- 
nation, whereas hctl mutant extracts were as 
defective in this reaction as extracts from a 
cdc16-123 mutant that contains a defective 
APC subunit (Fig. 1). Thus, Hctl was required 
for APC-mediated cyclin ubiauitination. 
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was fully functional. Cdc 16-HA3 coprecipi- 
tated with Myc9-Hctl but not with Hctl- 
Myc9 in extracts prepared from cycling or 
GI-arrested cells (Fig. 2A) (11). Another 
APC subunit, Cdc23-HA3, also coprecipi- 
tated with Myc9-Hctl but not with Hctl- 
Myc9 (12). The correlation between Hctl 
function and coprecipitation with APC sub- 
units suggests that cyclin ubiquitination de- 
pends on an Hctl-APC interaction. 

Myc9-Hctl was not associated with Cdcl6- 
HA3 in extracts from cells arrested in S phase 
by hydroxyurea or in M phase by nocodazole 
(Fig. 2A). Cdc20, in contrast, was associated 
with APC subunits in both extracts (Fig. 2B). 
To test whether the Hctl-APC interaction was 
regulated during an unperturbed cell cycle, we 
measured the association between Myc 18-Hct 1 
and Cdc16-HA3 in cells synchronized by cen- 
trifugal elutriation (Fig. 2C) (13). Hctl was 
associated with Cdcl6 during GI but not during 
the S, G,, and M phases (14). Dissociation of 
Hct 1 from the APC correlated with appearance 
of the S phase promoting ClbS-Cdkl activity. 
Thus, the Hctl-APC interaction was cell cycle- 
regulated. 

The Hctl-APC interaction occurred only 

Clb2 ClbZADB Clb3 Cyclin --- 

Fig. 1. Requirement of Hctl  for ubiquitination 
of mitotic cyclins. Strains (MATa Apep4 Abarl) 
were arrested in G, with a factor at 25OC and 
shifted to  37°C for 30 min. Protein extracts 
were incubated with adenosine 5'-triphosphate 
(ATP) and HA3-tagged cyclins (9). Clb2ADB 
lacks the destruction box. Cyclin-ubiquitin con- 
jugates were detected by immunoblotting with 
an antibody to  the HA epitope. Molecular sizes 
in kilodaltons are indicated on the left. Ahctl 
mutants are partially resistant to a factor. To 
allow complete arrest in C,, CLBZ was deleted 
(4). 
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