
when they are most needed, and "condi-
tional laggards" who lag farthest when they 
are most needed (28).  

Our analysis has revealed unexpected di-
versity in lion behavior. Some females coop-
erate unconditionally and others only cooper-
ate when most needed. Both strategies ensure 
the long-term rewards of protecting essential 
comnanions and a stable territon.. However. 
othe; females opt for additional short-term 
benefits by lagging behind pride mates during 
territorial disputes, and some females lag far-
thest when their h e l ~is most needed. Al-
though leaders recognize laggards and behave 
more cautiouslv in their nresence, thev con-
tinue to lead the response: In a broade; inter-
pretation of cooperative behavior, leaders and 
laggards may be analogous to "producers" and 
"scroungers" in foraging groups (29) or "bold" 
and "shv" individuals in other contexts (30) .. , 

As laggirds avoid the costs of fighting ("pro-
ducing"), their rewards are clearly frequency-
dependent, and they exploit their pride's cor-
porate territoriality if enough of their com-
panions cooperate (22). Under these condi-
tions, laggards mav coexist with leaders in a uu 

mixed evolutionarily stable strategy (31). This 
study suggests that cooperative groups can 
include a great variety of behavioral strategies. 
Most theory on the evolution of cooperation 
has focused on two-person games and has 
revealed extraordinary levels of complexity 
(32). Individual behavior in contests between 
larger groups may prove to be even more 
complex. 
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Endoreduplication in Maize Endosperm: Involvement 
of M Phase-Promoting Factor Inhibition and 

lnduction of S Phase-Related Kinases 
Gideon Grafi and Brian A. Larkins* 

Endoreduplication is an endonuclear chromosome duplication that occurs in the absence 
of mitosis and in Zea mays (L.) is required for endosperm development. Induction of DNA 
synthesis during early stages of endosperm development is maintained by increasing the 
amount and activity of S phase-related protein kinases, which was demonstrated here by 
their ability to interact with human E2F or with the adenovirus ElA proteins. In addition 
it was shown that endoreduplicated endosperm cells contain an inhibitor that suppresses 
the activity of the M phase-promoting factor (MPF).These results demonstrate that in 
maizeendosperm, endoreduplication proceedsas a result of two events, inhibition of MPF 
and induction of S phase-related protein kinases. 

A common method by which polyploidy 
occurs is through chromosome endoredupli-
cation. This is an  endonuclear duplication 
of the genome occurring in the  absence of 
mitosis, and it leads to the production of 
chromosomes with 2" chromatids ( 1  ). T h ~ s  
process is common in  tissues with high met-
abolic activity, such as the silk glands of 
dipterans and the  developing endosperm of 

Departmentof Plant Sciences, Unlversltyof Arzona. Tuc-
son, AZ 85721. USA 
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seeds, but it can also occur in tumor tissues 
( I ) .  Endoreduplication appears to be an  
essential process for the  development of Zea 
mays (L.) endosperm (2) .  O n e  would pre-
dict that endoreduplication proceeds from 
two events: inhibition of mitosis and the  
constitutive induction of D N A  synthesis. 
As the mechanism controlling endoredupli-
cation is unknown. we have beeun to char-
acterize the  factors regulating this process in  
maize endosverm. 

W e  established the temporal expression 
of endoreduplication in  maize endosperm 
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by flow cytometry. These results were con- 
sistent with previous descriptions (2), show- 
ing that the process initiates 10 to 12 days 
after pollination (DAP) (Fig. 1). The size of 
the nucleus increased considerably during 
endoreduplication (Fig. lA) ,  with DNA 
content ranging from 3C to 96C (where C 
represents the DNA content of the haploid 
genome) (Fig. 1B). Endoreduplication was 
detected until 28 DAP, at which time the 
percentage of 3C nuclei was 15% (Fig. 1B). 

To  investigate the mechanism by which 
mitosis is inhibited, we analyzed the 
amount and activity of the M phase-pro- 
moting factor (MPF) (p34'dc2/cyclin B 
complex) by monitoring the in vitro phos- 
phorylation of histone H1 (3). The H1 
kinase activity (Fig. 2A) eluted from a col- 
umn of p13"c1 conjugated to agarose beads 
increased during the early stages of en- 
dosperm development and peaked at 10 to 
12 DAP, after which it declined. This is 
consistent with the reduction in mitotic 
activity that occurs at the initiation of en- 
doreduplication. The amount of p34cdc2 was 
determined by immunoblot analysis with a 
specific polyclonal antibody (p34'dc2Zm) 
raised to the COOH,terminal portion of a 
functional maize p34'dc2 protein (4). Two 
closely related (96% identical) cdc2 com- 
plementary DNAs (cDNAs) (cdc2ZmA and 
cdc2ZmB) were previously isolated from 
maize that encode proteins that are 64% 
identical to human p34'dc2 and 63% iden- 
tical to Schizosaccharomyces pombe and Sac- 
charomyces cerewisiue p34dc2 proteins (4) ,  
and cdc2ZmA was shown to complement a 
cdc28 mutant of S. cerewisiae (4). The 
amount of p34'dc2 in endosperm was high 
between 10 and 12 DAP and was only 
slightly reduced by 14 and 16 DAP (Fig. 
2B). Further analysis showed that the 
amount of p34'dc2 remained unchanged to 
28 DAP (5). This result suggests the reduc- 
tion in histone H1 kinase activity at 16 
DAP could result from p34'dc2 phosphory- 
lation, lack of mitotic cyclins, or activation 
of CDC2 kinase inhibitors (6, 7). 

To  determine if inhibition of the MPF is 
active or passive, we performed experiments 
in which extracts from 10-DAP endosperms 
were combined with varying amounts of 
15-DAP extract. These mixtures were pre- 
incubated for different periods, after which 
samples were tested for H1 kinase activity. 
The 10-DAP extract displayed a high level 
of kinase activity, and very low activity was 
detected in the 15-DAP extract (Fig. 2C). 
Kinase activity decreased in a concentra- 
tion-dependent manner when 10-DAP ex- 
tract was mixed with that from 15-DAP 
(Fig. 2C). Bovine serum albumin (BSA) 
had no effect on histone H1 kinase activity. 
We analyzed the proteins after the preincu- 
bation period by SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE) and immuno- 

blotting with p34cdc2Zm antibody and 
found no evidence for degradation ( 5 ) ,  in- 
dicating that an active inhibitor of the MPF - 
is produced in endoreduplicated cells. , 

The fission yeast Wee1 kinase negatively 
regulates entry into M phase by phosphoryla- 
tion of p34'dc2 in a dose-dependent manner 
(6, 8). This reaction causes changes in the 
mobility of p34dc2 as determined by SDS- 
PAGE (9). The maize endosperm p34dc2 re- 
solved into two polypeptides between 33 and 
35 kD (Fig. 2D); however, we could not de- 
tect changes in mobility of either protein 
during endosperm development. Whether 
these two polypeptides represent different 
forms of the same protein or two different but 
closely related proteins is unknown. 

Cell cycle regulators are highly con- 
served among eukaryotes (10). We there- 
fore used heterologous proteins that inter- 
act with mammalian S phase kinases to 
investigate the induction of DNA synthesis 
during endoreduplication. Several kinases 
implicated in the onset of S phase in mam- 
malian cells appear to interact with cellular 

and viral proteins, such as the human E2F 
and adenovirus E1A proteins (1 1). Conse- 
quently, we tested the glutathione-S-trans- 
ferase (GST) fusion proteins GST-E2F- 1, 
GST-ElA, and GST-ElAACR2 (1 2) for 
their ability to interact with maize protein 
kinase complexes. 

We mixed these three fusion proteins, or 
GST alone, with 8- or 16-DAP endosperm 
extracts and analyzed the complexed pro- 
teins by immunoblot analysis for a p34dc2- 
related protein. A maize CDC2-related pro- 
tein was recovered after association with 
the GST fusion proteins, and the amount of 
this p34 was higher at 16 DAP than at 8 
DAP (Fig. 3A). Histone H1 kinase activity 
recovered from 16-DAP extract with either 
fusion protein was higher than from 8-DAP 
extract (Fig. 3B). Low enzyme activity was 
detected in precipitates directed by the 
GST protein alone, suggesting that the 
maize protein kinase complexes interacted 
specifically with the E2F-1 and E1A pro- 
teins. The higher level of protein kinase 
activity recovered from the p13"c1-agarose 

Fig. 1. Endoreduplication A DAP -, 8 14 18 28 . - -. 

during maize endosperm 
development. (A) Increase 
in nuclear size during en- 
dosperm development pn- 
dicated by days after polli- 
nation (DAP)]. Stained nu- 
clei were photoaraphed at a . - 
the same magiification 200 
(x40) with a Zeiss pho- 

tometly tomicroscope. analysis (W wow of DNA cy- & z L"L& - O  2x5 ‘3 CU - -, '7 

content of endosperm nu- * z rn 5 :: 0 Ilr 

clei during development 
(numbers at the top right DNA content 
indicate DAP) in which 
DNA content (indicated as C values) is plotted against the number of nuclei. Methods are described in (79). 

Fig. 2. Histone HI kinase activity is reduced dur- A DAP DAP 
Ing endoreduplccat~on by an actlve ~nh~b~tor. (A) In a 14 Rt 12 14 16 
vltro h~stone HI phosphorylatlon by klnase eluted - 
with p13suc1-agarose from developcng en- .I.r, P34 
dosperm Methods are descr~bed In (20). C IS a 
control wlth no endosperm extract. (6) The 
amount of the mare p34cdc2 homolog dur~ng en- 

C 
-- - 

Pntincvball~ 

dosperm development. Analys~s was performed tmm (mm, 10 10 1 2 5  5 10 la 10 10 10 10 I n  

by proteln ~rnmunoblottlng, wlth each lane con- 8- (1191 

10 DAP f ~ g l  taln~ng 20 pg of total proteln extract from the de- - 

75 M P  (MI veloprnental staqes lndlcated Protecns were sep- 
arated by 1 ~.~%sDs-PAGE and transferred onto 
nitrocellulose (Schleicher & Schuell). The mem- 
brane was treated with affinity-purified p34C"cVm antibody (4), followed by alkal~ne 

D phosphatase-conjugated goat antibodies to rabbit immunoglobulin G. Rt Indicates DAp 
extract from the root tips of 5-day-old maize seedlings used as a control. (C) - 
Inhibition of histone HI kinase activity by extracts of 15-DAP endosperm. Extracts lo  l5 

from 10-DAP endosperms were preincubated at room temperature with various 
amounts of 15-DAP extract for different periods (as indicated) in kinase buffer 150 - =p34 
mM Hepes (pH 7.5), 10 mM MgCI,, 1 mM DTT, and 0.2 rnM adenosine triphos- 
phate]. The reactions were stopped by quick freezing in liquid nitrogen, passed 
through a p13suc1-agarose column, and subjected to histone H1 assay. BSA (Pierce) was used as a 
control. (D) The maize ~ 3 4 " ~ " ~  resolves into two polypeptides. Total protein extract (50 pg) from 10 or 15 
DAP was separated by 15% SDS-PAGE and analyzed by immunoblotting with p34CdC2Zm antibody. 
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was induced after treatment with protein 
kinase inhibitors (13). Yeast cells carrying 
the cdc2 or cdcl3 mutations that lead to 
MPF inactivation were found to undergo 
extra rounds of DNA synthesis (14). Con­
sistent with these observations, our results 
demonstrate that endoreduplication in 
maize endosperm requires on the one hand 
the inactivation of the mitotic p34cdc2/ 
cyclin B kinase and on the other hand the 
induction of S phase-related kinases. Our 
results support a hypothesis that couples 
DNA replication to the cell cycle by in­
activation of the M phase and induction 
of the S phase kinases (15). 

In a variety of eukaryotic cells endoredu­
plication was induced by various reagents 
that either inhibit mitosis or cause abnor­
mal alteration in cell surfaces and the cy-
toskeleton (16). On the basis of its wave­
like pattern of development (2), induction 
of endoreduplication in maize endosperm 
might involve a signaling pathway that re­
sponds to as yet unknown physiological 
stimuli. Unraveling the factors regulating 
this process may lead to strategies that make 
it possible to increase the productivity of 
storage tissues and to potentially control 
cell proliferation. 

column at 8 DAP compared with 16 DAP 
implies that the kinases associated with 
El A and E2F are distinct. To verify the 
difference between them, the enzyme com­
plex eluted from the GST-Sucl column was 
reloaded onto GST-Sucl and GST-El A 
columns. Kinase activity was re-recovered 
with GST-Sucl, but not with GST-El A 
(Fig. 4). This suggests that different cyclin-
dependent kinase (CDK) complexes are in­
volved in cell cycle regulation in maize: an 
M phase kinase that can interact with 
pl3 s u c l , and an S phase kinase that can 
interact with the human transcription fac­
tor E2F-1 and the adenovirus El A proteins. 
Because the p34 components of M and S 
phase kinases have similar molecular 
masses and cross-react with a specific an­
tibody for maize CDC2, it appears the 
CDK complexes share the same or very 
closely related catalytic subunits and are 
probably regulated by different cyclins. 
The fact that a maize kinase is able to 
interact with mammalian and viral pro­
teins implies the existence of a human E2F 
homolog and other mammalian-like cell 
cycle regulators in maize endosperm. 

How is endoreduplication controlled? 
In plants and mammals endoreduplication 

Fig. 3. The amount and activity of H1 kinase that 
binds to GST-E1A or GST-E2F increase during 
endoreduplication. (A) Immunoblot analysis of 
p34cdc2 j n precipitates obtained with GST-E1A, 
GST-E1AACR2, and GST-E2F-1 fusion proteins. 
GST fusion proteins (12), either purified (30 |xg) or 
as bacterial extract (1 mg), were incubated with 8-
or 16-DAP endosperm extracts (1 mg) on a rocker 
platform at 4°C for 2 hours in NETN buffer. Com­
plexes were purified by incubation with glutathi­
one-agarose beads for an additional 1 hour, after 
which the beads were washed five times with 
NETN and the complexes eluted and dialyzed as 
described (12). Half of the eluted proteins were 
analyzed by immunoblotting with p34c d c 2Zm an­
tibody. Note that in GST-E1A precipitates, 
p34cdc2 j s evident as a faint band and was poorly 
reproduced in the figure. M shows size markers (in 
kilodaltons) of prestained proteins. (B) Analysis of 
histone H1 kinase activity in GST fusion protein 
precipitates. Bound proteins (equivalent to 0.5 mg 
of total protein) were analyzed for histone H1 ki­
nase activity (21). Precipitates obtained with the 
GST protein alone were used as a negative control. The position of histone H1 and phosphorylated 
GST-E2F-1, GST-E1 A, and GST-E1AACR2 proteins are indicated on the right. Histone H1 kinase activity 
in p13suc1-agarose precipitates was added for comparison. 

Fig. 4 . The kinase complex that binds to p13suc1-agarose is GST-Sud/ 
different from that binding to E1A protein. GST, G S T - S u d , 
and GST-E1A proteins were cross-linked to glutathione-
Sepharose (22), mixed with 2 mg of total protein extract from 
10- or 15-DAP endosperm, and the precipitates (equivalent to 
0.5 mg of total protein extract) were analyzed for H1 kinase 
activity (lanes 1 to 6). The kinase complex recovered from H I [ 
10-DAP extract by GST-Sud was eluted with 0.8% deoxy-
cholate, dialyzed against NETN buffer, and reloaded onto ei­
ther GST-Sud (lane 7) or GST-E1A (lane 8) and tested for H1 kinase activity. As a control (C), a 
GST-E1A column was also loaded with 1 mg of 15-DAP endosperm extract. H1 on the left indicates 
phosphorylated histone H1 . 
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