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These uses have accounted for an almost 
constant 80% of SF6 sales (8); the increasing 
use by the electronics industry has been 
largely compensated by the decreasing use 
in magnesium smelting (8). We speculate 
that SF5CF3 originates as a breakdown 
product of SF6 in high-voltage equipment. 
Such systems likely contain fluoropoly-
mers, which provide a source of CF3 groups 
that may be attacked by SF5 radicals 
formed by high-voltage discharges. 

Despite the large GWP of SF5CF3, the 
amount currently in the atmosphere is so small 
that the contribution of this molecule to overall 
radiative forcing is very minor (<10~4 W 
m - 2) . The present-day burden of SF5CF3 is 
—3.9 X 103 metric tons, with emissions rising 
by —270 metric tons year-1 (from the trend 
shown in Fig. 1 and assuming negligible atmo­
spheric loss). This emission is equivalent in 
GWP terms (for a 100-year time horizon) to 
— 1% of the annual UK emission of C02 (16). 
SF5CF3, however, has a much longer lifetime 
than that of C02 (atmospheric C02 equilibra­
tion time of 50 to 200 years), and its rate of 
growth may be accelerating. There is, therefore, 
potential for an almost irreversible accumula­
tion of this gas in the atmosphere. SF5CF3, 
unlike C02, has no natural sources and there­
fore has the potential for substantial emission 
control after its sources have been identified. If 
it is indeed formed in high-voltage equipment, 
then there may already be substantial amounts 
"stored" in electrical installations worldwide. 
We think that it is important to continue mon­
itoring the atmospheric concentration of 
SF5CF3 in order to determine and control its 
sources and to guard against an undesirable 
accumulation of this strong greenhouse gas in 
the atmosphere. 
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are likely candidates for such a pair. The CLV1 
and CLV3 genes function in the same pathway, 
and clvl and clv3 mutations exhibit dominant 
interactions (2). CLV1 encodes a predicted re­
ceptor-like protein kinase with an extracellular 
domain composed of 21 tandem leucine-rich 
repeats (LRRs) and an intracellular protein ki­
nase domain that has been shown to act as a 
serine kinase (3-5). CLV3 encodes a predicted 
small, secreted protein (6). 

CLAVATA3, a Multimeric Ligand 
for the CLAVATA1 

Receptor-Kinase 
Amy E. Trotochaud, Sangho Jeong, Steven E. Clark* 

The CLAVATA1 (CLV1) and CLAVATA3 (CLV3) proteins form a potential re­
ceptor and ligand pair that regulates the balance between cell proliferation and 
differentiation at the shoot meristem of Arabidopsis. CLV1 encodes a receptor-
kinase, and CLV3 encodes a predicted small, secreted polypeptide. We dem­
onstrate that the CLV3 and CLV1 proteins coimmunoprecipitate in vivo, that 
yeast cells expressing CLV1 and CLV2 bind to CLV3 from plant extracts, and that 
binding requires CLV1 kinase activity. CLV3 only associates with the presumed 
active CLV1 protein complex in vivo. More than 75% of CLV3 in cauliflower 
extracts is bound with CLV1, consistent with hypotheses of ligand sequestra­
tion. Soluble CLV3 was found in an approximately 25-kilodalton multimeric 
complex. 
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Moreover, CLV3 is required for activa-
tion of the CLVl receptor in vivo. CLVl is 
present in two distinct protein complexes in 
vivo (7). The smaller 185-kDCLVl complex 
is primarily a disulfide-linked multimer that 
may be a heterodimer between the CLVl 
receptor kinase and the receptor-like protein 
CLV2, which is predicted to contain extra-
cellular LRRs but only a short cytoplasmic 
domain (8). In the absence of CLV2, the 
CLVl protein does not accumulate (8). The 
larger 450-kD CLVl complex contains the 
185-kD multimer plus kinase-associatedpro-
tein phosphatase O(APP)and a Rho guanosine 
triphosphatase-related protein (7). KAPP con-
tains a forkhead-associated homology do-
main (9-1 1) that may be required for bind-
ing to one or more phosphoserine residues 
on the CLVl kinase domain and a type 2C 
protein phosphatase domain that is capable 
of dephosphorylating CLVl in vitro (4). 
Misexpression studies have revealed that 
KAPP is a negative regulator of CLVl 
activity (4, 5). The Rho-related protein that 
is a component of the 450-kD complex may 
relay signal to downstream targets (7). In 
both clvl and clv3 mutant plants, CLVl is 
found primarily or exclusively, depending 
on allele strength, in the 185-kD complex, 
indicating that the 185-kD CLVl complex 
is the inactive form and that CLV3 is re-
quired for CLVl activation (7). 

CLVI and CLV3 are transcribed in largely 
nonoverlapping cell layers of the shoot mer-
istem. CLV3 is expressed primarily in the 
epidermal L1 layer and the subepidermalL2 
layer (tunics), whereas CLVl is expressed 
primarily in the underlying L3 layer (corpus) 
(3, 6) .In addition, CLV3 is capable of acting 
noncell autonomously,based on clonal stud-
ies (6).Taken together, however, these data 
still leave open several possible roles for 
CLV3 in CLVl signaling. Roles for CLV3 in 
producing the ligand, in associating with 
CLVl to assist in ligand-binding,or in acting 
as the ligand are all consistent with current 
data. These models would predict that CLV3 
does not associate with CLV1, that it associ-
ates with both the inactive and active forms 
of CLV1, or that it associates only with the 
active form of CLV1, respectively. 

To test these predictions, we generated 
polyclonal antibodies to Escherichia coli-
expressed CLV3 fusion protein (12). The re-
sulting immune, but not preimmune, anti-
serum cross-reacted with a single -6-kD 
polypeptide from both wild-type Arabidopsis 
and cauliflower extracts (Fig. 1A) [Web Fig. 
1 (13)l. To test if this cross-reaction was 
indeed to CLV3, extract from plants homozy-
gous for the clv3-2 null allele was also tested. 
In this case, no cross-reactivitywas observed, 
indicating that the antiserum was specific for 
CLV3 (Fig. 1A). 

To determine if CLV3 associated with 

CLVl and, if so, to which complexes CLV3 
might be bound, cauliflower extract was sep-
arated by column chromatography, and frac-
tions containing the 185-kD and 450-kD 
CLVl complexes were pooled separately. 
Each pool was precipitated with antibody to 
CLV3 (anti-CLV3) immune and preimmune 
antisera, and the precipitated proteins were 
used in Western blots with both anti-CLV1 
and anti-KAPP (Fig. 1, B and C). In each 
case, CLVl and KAPP were found only 
among proteins precipitated with the anti-
CLV3 immune antiserum from the fractions 
containing the 450-kD complex precipitated 
with the anti-CLV3 immune antiserum. This 
indicates that CLV3 is only associated with 
the 450-kD CLVl complex. This was con-
firmed by reversing the immunoprecipitation. 
In this case, CLV3 was only detected among 
proteins imrnunoprecipitated from the 450-
kD complex with anti-CLV1 immune anti-
sera (Fig. ID). 

To examinethe range of complexesCLV3 
might be associated with, and to examine the 
CLVllCLV3 association in Arabidopsis, frac-
tionations were performed on extracts from 
wild-type and mutant Arabidopsis plants. 
Fractions were used in dot blot analyses to 
test for the presence of CLV3. In wild-type 
Arabidopsis, CLV3 was observed in the same 
fractions that contained the CLVl 450-kD 
complex (Fig. 2A; 12 to 13 ml elution vol-
ume), as well as a very small molecular mass 
range (see below). We occasionally observed 
both CLVl and CLV3 elution near the void 
volume (Fig. 2A; 7 to 8 ml elution volume). 
It is unclear if the inconsistent presence of 
CLVl and CLV3 proteins in this larger size 
range represents a less stable complex or 
simply protein aggregation.No cross-reactiv-

ity was observed in extracts from clv3-2 
plants, again indicatingthat the cross-reactiv-
ity from the anti-CLV3 antiserum is specific 
for CLV3. 

To test if either CLV3 complex is mem-
brane-bound, extracts were generated in the 
absence of detergent. In this case, only the 
lower molecular mass CLV3 complex was 
detected (Fig. 2B). This indicates that CLV3 
in the 450-kD complex is membrane-associ-
ated, whereas the lower molecular mass 
CLV3 complex is soluble. 

The clvl-4 and clvl-8 alleles contain mis-
sense mutations in their predicted extracellu-
lar domains (3). We previously detected clvl-4 
and clvl-8 monomers in extracts from ho-
mozygous mutant plants (7), suggesting that 
the lesions may primarily interfere with sta-
ble multimerization andlor disulfide linkage. 
Extracts from these plants exhibit a reduction 
in the proportion of CLVl in the 450-kD com-
plex, although this complex is still formed at 
detectable levels (7). To test whether the 
450-kD complex present in these plants con-
tained CLV3, we examined CLV3 elution in 
extracts from clvl-4 and clvl-8 plants. In 
both cases, CLV3 associatedwith the 450-kD 
CLVl complex, supporting the idea that 
these lesions in the extracellular domain do 
not prevent ligand binding (Fig. 2B). 

The clvl-10 allele contains two missense 
mutations in the kinase domain (14). When 
the clvl-10 kinase domain was expressed in 
E. coli, it exhibited no autophosphorylation 
activity (15). We previously demonstrated 
that in extracts from clvl-10 plants, the clvl-
10 protein was found exclusively in the inac-
tive 185-kD complex. When CLV3 elution 
was examined in extracts from clvl-10 
plants, it was only detected in the very low 

Fig. 1. CLV3 associates with CLVl in A 
vivo. (A) Total protein extracts from 
wild-type (Ler) and clv3-2 mutant (clv3- 9 V 
2) Arabidopsis inflorescences were iso- - 95 3 kj 2 
lated as previously described (7), sepa- kD ;---

--. , 
rated by SDS-PACE, and subjected to 
Western blot analysis using anti-CLV3 98' . 
immune antiserum (left panel) (72). %= 
Right panel shows the same extracts 36-
separated and stained with Coomassie 30,
to  confirm equal amounts of loaded I:= . -
protein. (B through D) One hundred 
fifty milliliters of cauliflower extract anti-CLV3 coornassie 
was concentratedwith an ultrafiltration 
cell (Amicon) and separated by gel 
chromatography. Fractions containing the 450- and 

I P,.-
185-kD CLV1 complexes were pooled separately. s z % $
Each pool was immunoprecipitated with anti-CLV3 , 

* Ct 

immune (I) and preimmune (PI) antisera (0 and C), kD 
or with the anti-CLV1 immune and preimmune 
anitsera (D), that had been crossed-linked to Sepha- 98-

rose beads as described (7). The eluted proteins 66' r * 
were then separated by SDS-PACE and used in a 50- . 
Western blot with anti-CLV1 (B), anti-KAPP (C), or 36-
anti-CLV3 (D) antisera.The productionof anti-CLVI 
and anti-KAPP antisera has been previously de- anti-brr
scribed (7). Molecular mass markers are indicated. 
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sue range, indicating that CLV3 elution in 
the 450-kD size range was entirely dependent 
on CLVl (Fig. 2B). This also indicated a lack 
of stable interaction between CLV3 and the 
clvl- 10 protein, despite the fact that clvl-10 
protein accumulates to significant levels, 
contains .no lesions in the extracellular do- 
main, and appears to be assembled into the 
correct disulfide-linked multimer (7). This 
lack of interaction between CLV3 and clvl- 
10 raises the possibility that intracellular ki- 
nase activity is required to stabilize the asso- 
ciation between CLVl and CLV3 (see below). 

Arabidopsis extracts were also fractionat- 
ed over G-50 Sephadex resin to provide bet- 
ter resolution in the lower molecular mass 
range. When extracts from wild-type Arabi- 
dopsis were tested, the majority of CLV3 
eluted in the void volume (7 to 8 ml elution 
volume), as would be expected for CLV3 
associated with the 450-kD complex (Fig. 
3A). CLV3 also eluted in fractions corre- 
sponding to 8.5 to 9.5 ml elution volumes, 
which would give the low molecular mass 
CLV3 a predicted size of -25 kD when 
compared to standards. However, we could 
not rule out the possibility that CLV3 elution 
in fractions 8.5 to 9.5 adjacent to the void 
volume was not the result of incomplete sep- 
aration of the 450-kD CLVl complex. To 
make this distinction, we examined elution of 
CLV3 over the G-50 column, using extracts 
from clvl-10 plants. In these extracts, CLV3 

Fig. 2. Fractionation 
of CLV3 in wild-type 
and mutant Arabidop- 
sis extracts. (A) Ex- 
tracts from wild-type 
(left) and clv3-2 mu- 
tant (right) Arabidop- 
sis plants were sepa- 
rated by gel chroma- 
tography as described 
(7) and 0.5-ml frac- 
tions were collected. 
The presence of CLV3 
in individual fractions 
was assayed by dot 
blot analysis (7). Elu- 
tion of CLV3 near the 

was not associated with clvl-10 protein, so 
that elution of CLV3 should represent protein 
that has not associated with the receptor. In 
this case, we observed CLV3 in 
fractions 8.5 to 9.5, suggesting that CLV3 
was part of a -25-kD multimeric complex in 
vivo (Fig. 3B). To determine if the presence 
of detergent in the extraction buffer alters 
CLV3 mass. the low molecular mass CLV3 
complex was isolated from extracts lacking 
detergent and tested over the G-50 column. 
Again, CLV3 eluted in hctions representing 
masses significantly larger than the CLV3 
monomer (Fig. 3C). The CLV3 mature protein 
is predicted to contain no cysteines (6) and, 
hence, could not be a member of the cysteine- 
knot class of proteinaceous ligands (16). 

If the CLV3 multimer is a heteromul- 
timer, it would imply that CLV3 activation of 
CLVl would occur where concentrations of 
CLV3 and its partner protein(s) are the high- 
est, not just where CLV3 is produced. Thus, 
understanding where CLVl is activated with- 
in the shoo; meristem will require under- 
standing the expression of both CLV3 and its *I 
partner(s). In addition, the binding affmities 7 18 (9 10 j? 

of CLV3 for CLVl or CLVllCLV2 cannot 12 1-3 19 15 j6 
be properly tested until the partner(s) are Q, 

identified. However, we could test directly J 
1 7  18 19 20 21 

whether the CLV3 multimer recognizes the 
CLVllCLV2 extracellular domains on the 22 23 24 25 26 
plasma membrane. We expressed CLVl and 
CLV2 in yeast cells (1 7), which made detect- B b  . , - m a 3 #  

7 8 '9  110 1) 

B - - 
Ler - 
no detergent 

able amounts of CLVl (Fig. 4A). Untrans- 
formed and CLVllCLV2-expressing yeast 
cells were incubated with detergent-free cau- 
liflower extracts, to ensure that only the sol- 
uble CLV3 multimer was added to the cells. 
After pelleting the cells, extracts were tested 
in Western blots to detect the presence of 
CLVl and CLV3. Although CLV3 protein 
did not bind to untransformed yeast cells, it 
did bind to yeast cells expressing CLV11 
CLV2 (Fig. 4A). The yeast extracts were 
analyzed with an enzyme-linked immunosor- 
bent assay (ELISA) to quantitate the amount 
of CLV3 in extracts from the CLVllCLV2- 
expressing yeast cells and the control cells 
(Table 1). The ability of the CLV3 multimer 
to bind only to intact CLVllCLV2-express- 
ing yeast cells indicates that this complex 
recognizes CLVllCLV2 at the plasma mem- 
brane surface. 

Because CLV3 did not bind the kinase- 
inactive clvl-10 protein in vivo, we tested 

void volume (7 to 8 
ml) in wild-type plants clvl-4 
was inconsistently ob- 
sewed. (B) The ehtion 
of CLVl and CLV3 in ~ 1 ~ 1 - 8  

extracts from wild- 
type and mutant Ara- 
bidopsis plants was as- H-I-F 
sayed by dot blots. mL 7 9 
The elution volume is I 
shown at the bottom. Markers - kD 669 
The fractions consis- 
tently containing CLVl CLVl elution 0 CLV3 elution - 
over a minimum of 
four repetitions are in- 
dicated with open boxes and the fractions consistently containing CLV3 are indicated with filled 
boxes. The elution of molecular mass size standards is indicated at the bottom. For one extraction 
("no detergent"), no Triton was added to the extraction buffer. 

22 23 24! 25 -26 

C .. 
I 0.. .. .a 

~ " ' 7  8 9 10 11 5 I 
0, 

b 12 .13 14 15 16 
4-J 
QI 
TI 17 18 19 20 21 

s 
22. 23 24 .25 26 , 

Fig. 3. CLV3 is present as a multimer. Extracts 
from wild-type (A) and clv7-70 mutant (B) Ara- 
bidopsis plants were separated by gel chromatog- 
raphy over a C-50 Sephadex column. The (3-50 
column was generated by loading an HR 10130 
column (Pharmacia, Picataway, New Jersey) with 
Sephadex fine C-50 resin (Sigma, St. Louis, Mis- 
souri). Fast protein liquid chromatography over 
the C-50 column was carried out identically as 
that over the superose 6 column (7). Extracts 
from wild-type plants in which no Triton was 
added to the extraction buffer were also assayed 
(C). The presence of CLV3 in the fractions was 
assayed by dot blots. The elution of molecular 
mass markers (Sigma) was as follows: 2000 kD 
dextran (i.e., void volume) at 7.5 ml; 29 kD car- 
bonic anhydrase at 8.8 ml; 12.4 kD cytochrome c 
at 11.8 ml; and 6.5 kD aprotinin at 14.9 ml. 
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whether kinase activity was required for CLV3 
binding in the yeast system. Yeast were trans- 
formed with CLVl in which the Lys7'0 residue 
critical for kinase activity was substituted with 
an Asp (5). After incubation of yeast expressing 
wild-type and kinase-inactive CLVl with plant 
extracts, wimmunoprecipitations were per- 
formed between CLVl and CLV3. Only wild- 
type CLVl bound to CLV3, indicating that 
kinase activity was required for ligand binding 
(Fig. 4B). We know of no other receptor for 
which ligand binding requires cytoplasmic ki- 
nase activity. 

The ability to assess CLV3-CLV1 associa- 
tion in vivo afforded an opportunity to measure 
the proportion of free and bound CLV3. Frac- 
tions containing the 450-kD and -25-kD 
CLV3 complex were pooled separately, and the 
amount of CLV3 present in each complex was 
measured by ELISA analysis (Table 2). Seven- 
ty-six percent of CLV3 was bound with CLV1. 

A 1 2  3 4 
CLV 1 / + - + - CLV2 kD kD .-*-  

250- 66 - 
54 - 

98 - 36 - 
66 - 16 - 
54 - 6- 
36 - 

anti-CLV1 anti-CLV3 

Fig. 4. CLV3 bound to yeast expressing kinase- 
active CLVIICLVZ. (A) Yeast expressing CLVI and 
CLVZ (lanes 1 and 3) and untransformed yeast 
(lanes 2 and 4) were incubated with detergent- 
free cauliflower extract (77). Yeast cells were 
isolated, and the resulting protein extracts were 
used in Western blots to detect CLVI (lanes 1 and 
2) and CLV3 protein (lanes 3 and 4). (B) Yeast 
expressing either CLVI and CLVZ (lanes 1,3, and 
5) or kinase-inactive CLVI and CLVZ (lanes 2, 4, 
and 6) were incubated with cauliflower extract. 
Yeast cells were isolated, and the resulting pro- 
tein extracts were immunoprecipitated with anti- 
CLV3 (lanes 1 and 2) or anti-CLVI (lanes 3 and 4) 
immune anitsera. The eluted proteins were then 
separated by SDS-PACE and used in a Western 
blot with anti-CLVI (lanes 1 and 2) or anti-CLV3 
(lanes 3 and 4) antisera. Expression of the wild- 
type and kinase-inactive proteins was assessed by 
Western blots with anti-CLVI antisera (lanes 5 
and 6). Molecular mass markers are indicated. 

The high proportion of receptor-associated 
CLV3 raises the possibility that this acts as a 
mechanism to limit the range of diffusion of 
CLV3 within the meristem. For many ligands, 
including Hedgehog, Spatzle, Trunk, and Lin-3, 
sequestration by the receptor is thought to limit 
the range of ligand signal (18-20). Despite 
considerable genetic evidence supporting this 
idea, there have been no quantitative measure- 
ments in vivo of the proportion of bound 
ligand in these or many other signaling sys- 
tems. Thus, CLV3 may represent an oppor- 
tunity to address this issue, both on the basis 
of binding-affinity once the CLV3 partner 
protein is known and also by in vivo mea- 
surements of free and bound concentrations 
of CLV3. 

Can we conclude that the CLV3 multimer 
acts as the ligand for CLVl? Three lines of 
evidence support the hypothesis that CLV3 is 
rate-limiting in the activation of CLV1: (i) clv3 
mutations become semidominant in clvl/CL VI 
heterozygote plants (2); (ii) clv3-3, which con- 
tains a transferred DNA insertion outside the 
coding region that reduces expression, has a 
reduced proportion of CLVl in the active com- 
plex (6, 7); and (iii) the observation that the 
majority of CLV3 is bound to CLVl (Table 2) 
suggests that all CLV3 that diffuses to CLV1- 
expressing cells becomes bound with CLV1. 
Previous studies also revealed that CLVl and 
CLV3 function in the same pathway (2), that 
CLVl and CLV3 are expressed in adjacent cell 
populations (3, 6), and that CLVl activation is 
entirely dependent on CLV3 (7). In light of 
these previous findings, the data we present that 
CLVl and CLV3 coimmunoprecipitate from 
the active CLVl complex, that membrane as- 

Table 1. Yeast expressing CLVIlCLV2 pull down 
CLV3. Samples were prepared as described in 
Fig. 4. ELISA analysis as described (7) was used 
to detect CLVI and CLV3. Mean OD,,, read- 
ing is presented with standard error for eight 
measurements. 

Signal Untransforrned CLVllCLV2- 
yeast expressing yeast 

CLVl 0 + 0.002 0.061 * 0.006 
CLV3 0.006 + 0.002 0.057 + 0.023 

Table 2. The majority of CLV3 is receptor-bound. 
Fractions corresponding to the 450- and 25-kD 
CLV3 complexes were pooled separately, and the 
amount of CLV3 was measured by ELLA analysis. 
The mean ELISA absorbance of 12 measurements 
for each complex is presented, adjusted to account 
for the difference in volumes. Standard error is 
indicated, 

CLV3 ELlSA Percent 
complex absorbance of total 

sociation of CLV3 is entirely dependent on 
CLV1, and that CLV3 binds to CLVl/CLV2- 
expressing yeast cells, combine to provide 
strong evidence that CLV3 acts as the ligand for 
CLVl as part of a multimeric complex. 

References and Notes 
1. H. J. Franssen, Curr. Opin. Plant Biol. 1, 384 (1998). 
2. 5. E. Clark, M. P. Running, E. M. Meyerowitz. Devel- 

opment 119, 397 (1993); Development 121. 2057 
(1995). 

3. 5. E. Clark. R W. Williams. E. M. Meyerowitz Cell 89, 
575 (1997). 

4. R. W. Williams. J. M. Wilson, E. M. Meyerowitz. Proc. 
Natl. Acad. Sci. U.S.A. 94, 10467 (1997). 

5. J. M. Stone. A. E. Trotochaud. J. C. Walker, 5. E. Clark, 
Plant Physiol. 117, 121 7 (1998). 

6. J. C. Fletcher, U. Brand. M. P. Running, R. Simon, E. M. 
Meyerowitz, Science 283. 191 1 (1999). 

7. k E. Trotochaud, T. Hao. W. Guang, Z. Yang, 5. E. 
Clark. Plant Cell 11, 393 (1999). 

8. 5. Jeong. A. E. Trotochaud, 5. E. Clark, Plant CeN 11, 
1925 (1999). 

9. J. M. Stone, M. A. Collinge, R. D. Smith. M. k Horn, 
J. C. Walker, Science 266, 793 (1994) 

10. K. Hofmann and P. Bucher. Trends Biochem. Sci. 20, 
347 (1995). 

11. J. Li. G. P. Smith, J. C. Walker, Proc. Natl. Acad. Sci. 
U.S.A. 96, 7821 (1999). 

12. CLV3 mature protein coding sequence was generated 
by polymer chain reaction (PCR) amplification from 
Ler Arabidopsis genomic DNA using primers 3B3 (5'- 
TTCCCCCGACATCTCACTCAACCTCATGCTCACCTTC- 
AAC) and 382 (5'-TCATCATCATCTTCCCCTTCCAAA- 
CTCCTTCAACCTCACCAT) for exon 2, and 3C1 (5'- 
CAACCCCAACATCATGATCATCAAAATCCAA) and 
3C2 (5'-CTCTAGATCAACCCACCTGAAAGTTCTTT) 
for exon 3 using Vent polymerase (New England Bio- 
labs. Beverly, MA). The two products were then 
used to prime each other in a fusion PCR reaction. 
The resulting fragment was cloned into the pMalK 
vector (New England Biolabs), verified by sequenc- 
ing, and expressed in E. coli. The expressed protein 
was purified using amylose resin (New England 
Biolabs) and separated by 15% SD5-polyacryla- 
mide gel electrophoresis (SDS-PAGE). The purified 
protein was then band-isolated and used for anti- 
sera production in rabbits (Cocalico Biologicals. 
Reamstown, PA). All proteins for Western analysis 
were separated on 4 to  20% gradient polyacryla- 
mide gels (Bio-Rad, Hercules. CA). All protein 
analysis was carried out as described (7). 

13. Supplemental material is available at wwwsciencemag. 
org/feature/datall048126.shl 

14. J. A. Pogany et al.. J. Plant Res. 11 1, 307 (1998). 
15. A. E. Trotochaud and 5. E. Clark, data not shown. 
16. M. Grossman, B. D. Weintraub, M. W. Szkudlinski, 

Endocr. Rev. 18, 476 (1997). 
17. BY4705 yeast were transformed with CLVZ cloned in 

p416 CPD and CLVl cloned in p415 GPD (21). In 
the CLVl construct, the CLVl signal peptide had 
been replaced with the preproalpha signal peptide 
derived from YCpG-MFalphal-100 up to the Kex2 
cleavage site (22) [Web fig. 2 (13)]. We concen- 
trated 500 m l  of 50 mg/ml cauliflower protein 
extracted with 50 mM Hepes (pH 7.4). 1 mM EDTA, 
1 X protease inhibitor cocktail (Sigma. P-9599) to  
100 m l  with an Amicon ultrafiltration cell 3000D 
MWCO and centrifuged it at 100.000g for 20 min. 
Untransformed BY4705 yeast and CLVlICLV2-ex- 
pressing BY4705 yeast were grown to  OD(A,,) 1.0 
and centrifuged at 50009 for 10 min. We resus- 
pended 100 ml of cells in 10 m l  of 100 mM 
tris-SO, (pH 9.4). The cells were agitated slowly 
(<200 rpm) for 15 min at 30°C and then centri- 
fuged and gently resuspended in 10 ml of sphereroplas- 
ting buffer [ lo0 mM tris-SO, (pH 9.4). 1.2 M sorbitol, 
1 X protease inhibitor cocktail. 50 mg/ml zymolase] 
and incubated for 30 min at 30°C. The cells were then 
collected by centrifugation for 5 min at 30009. The 
cells were gently resuspended in 50 ml of cleared 
cauliflower extract and rocked gently for 2 hours at 
room temperature. The cells were centrifuged at 

ILY 2000 VOL 289 SCIENCE www.sciencen 



REPORTS 

5000g for 10 rnin. The pellet was resuspended in a 18. J. Casanova and C. Struhl, Nature 362, 152 (1993). 

minimal volume of 50 mM Hepes (pH 7.4), 1 mM 19. Y. Chen and C. Struhl, Cell 87, 553 (1996). 

EDTA. 0.1% Triton, and 1 X protease inhibitor cock- 20. A. Hajnal, C. W. Whitfield. S. K. Kim, Genes Dev. 11, 

tail: ground using a mortar and pestle on ice; and 2715 (1997). 

centrifuged at 5000g for 10 min. The supernatant 21. D. Murnberg, R. Muller, M. Fink, Gene 156, 119 

was removed. Finally, 30 p1 was loaded on a 4 to (1995). 

20% gradient SDS-PACE (Bio-Rad Ready Gels) and 22. A. Bevan, C. Brenner, R. 5. Fuller, Proc. Natl. Acad. Sci. 

transferred to 0.2 &m of nitrocellulose (Bio-Rad) for U.5.A. 95, 10384 (1998). 

a Western blot. 23. We thank K. Cadigan, J. Li, B. Margolis, R. Denver, 


Dependence of Stem Cell Fate 
in Arabidopsis on a Feedback 

Loop Regulated by CLV3 
Activity 

Ulrike rand,' Jennifer C. ~ le tcher ,~*Martin Hobe,' 
Elliot M. ~ e y e r o w i t z , ~  Riidiger Simon1+ 

The fate of stem cells in plant meristems is governed by directional signaling 
systems that are regulated by negative feedback. In Arabidopsis thaliana, the 
CLAVATA (CLV) genes encode the essential components of a negative, stem 
cell-restricting pathway. We used transgenic plants overexpressing CLV3 t o  
show that meristem cell accumulation and fate depends directly on the level 
of CLV3 activity and that CLV3 signaling occurs exclusively through a CLVI I  
CLV2 receptor kinase complex. We also demonstrate that the CLVpathway acts 
by repressing the activity of the transcription factor WUSCHEL, an element of 
the positive, stem cell-promoting pathway. 

The shoot apical meristem can initiate organs encode a leucine-rich repeat (LRR)-receptor 
and secondary meristems throughout the life protein kinase (CLVl) and a LRR-receptor- 
of a plant. A few cells located in the central like protein (CLV2) that are assumed to form 
zone of the meristem act as pluripotent stem a membrane-bound receptor protein complex, 
cells: They divide slowly, thereby displacing together with other intracellular components 
daughter cells outwards to the periphery (5, 6, 8). It has been proposed that the CLV3 
where they eventually become incorporated protein is secreted from the outermost meri- 
into organ primordia and differentiate (1). stem cell layers and interacts with the CLVlI 
The maintenance of a functional meristem CLV2 receptor complex in deeper cell layers 
requires coordination between the loss of (2, 6 )  to restrict the size of the stem cell 
stem cells from the meristem through differ- population. In clvl, clv2, or clv3 mutants, the 
entiation and replacement of cells through expression domains of CLVl and CLV3 en- 
division. In Arabidopsis, the CLAVATA large coordinately. A simple interpretation is 
(CLVl. CLV2, and CLV3) genes play a criti- that this coordinated expansion is controlled 
cal role in this process, since loss-of-function by a positive, stem cell promoting pathway, 
mutations in CL Vl, CLV2, or CL V3 cause an which in turn is negatively regulated by the 
accumulation of stem cells and a progressive stem cell restricting CLVpathway (2, 3). The 
enlargement of shoot and floral meristems stem cell promoting pathway would then also 
(2-7). The CL V3 gene encodes a small and promote the expression of the CLV genes by 
potentially extracellular protein that is ex- causing enlargement of the cell populations 
pressed in the stem cells of the shoot and in which they are expressed. 
floral meristems (2). The other CLV genes We separated these m o  pathways by ex-

pressing a CLV3 cDNA from the constitutively 
active cauliflower mosaic virus 35s  
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1200 East California Boulevard, Pasadena, CA 91125, genic plants studied. the shoot meristem ceased 
USA. initiating organs after emergence of the first 
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16% of the lines formed inflorescence meri- 
stems and produced flowers that failed to initi- 
ate the inner whorls with stamens and carpels 
(Fig. 1. G and I) (10). The opposite phenotype 
is observed in clv3 loss-of-function mutants, 
where stem cells accumulate in the center of 
shoot and floral meristems and additional or- 
gans or undifferentiated tissue are formed (Fig. 
1H). 

We hypothesized that the phenotypic dif- 
ferences between the two classes of 
CaMV35S::CL V3 transgenic plants might be 
caused by differences in the expression levels 
of the CaMV35S::CLV3 transgene. We there- 
fore analyzed the levels of CLV3 mRNA by 
in situ hybridization (11) and found that 
transgenic lines showing an early meristem 
arrest expressed high levels of CLV3 mRNA. 
whereas lines that formed shoots with flowers 
showed weaker ectopic CL V3 expression 
(Fig. 2. A through C). This indicates that stem 
cell fate in the meristem center is controlled 
by the level of the CLV3 signal. 

We then tested whether CLV3 signaling 
requires CLVl and CLV2 by introducing the 
CaMV35S:: CL V3 transgene into clvl or clv2 
mutants. The resulting transgenic plants ex- 
pressed CLV3 at high levels, but exhibited the 
typical clv mutant phenotype (Fig. 2D). Thus. 
CL V3 signaling requires functional CLVl 
and CLV2, and the phenotypes observed in 
the CaMV35S::CLV3 transgenic plants are 
the result of enhanced CLV3 signaling 
through the CLVl ICLV2 receptor complex. 

To increase the expression level of CLV3 
under control of its own promoter, we in-
creased the copy number of the CLV3 gene in 
the genome. Plants containing four functional 
copies of the CLV3 gene (12) exhibited no 
alterations in shoot and floral meristem de- 
velopment, suggesting that increased gene 
dosage does not lead to enhanced CLV3 sig- 
naling. The observed compensation of the 
gene dosage could be explained if one indi- 
rect consequence of wild-type CLV3 signal- 
ing is the down-regulation of or failure to 
maintain transcript& from the CLV3 pro- 
moter in the stem cells. To test whether CLV3 
expression itself is an indirect target of the 
CLV3 signaling pathway. we used the UN-
USUAL FLORAL ORGANS (UFO) promoter 
to control CLV3 expression. The UFO gene is 
expressed outside of the normal CLV3 ex- 
pression domain in a group of cells under- 
neath the central zone of the shoot apical 
meristem (13). A UF0::CL V3 transgene was 
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