
tablished capability to be functionalized via 
covalent and noncovalent bonding (4-6, 
9,  10) opens new strategies for design at the 
molecular level in  areas such as functional 
membranes and devices based on ionic, 
electronic, photonic, and control release. 
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The Homeotic Gene /in-39 and the Evolution of 
Nematode Epidermal Cell Fates 

Andreas Eizinger and Ralf J. Sommer* 

The fate of ventral epidermal cells differs among nematode species. Nonvulval cells fuse 
with the epidermis in Caenorhabditis elegans, whereas the homologous cells undergo 
apoptosis in Pristionchuspacificus. The homeotic genelin-39 is involved in the regulation 
of these epidermal cell fates. In Caenorhabditis, lin-39 prevents cell fusion of potential 
vulval cells and specifies the vulva equivalence group. Pristionchus vulvaless mutants 
that displayed apoptosis of the vulval precursor cells were isolated, and point mutations 
in lin-39 were identified. Thus, the evolution of these epidermal cell fates is driven by 
different intrinsic properties of homologous cells. 

Evolutionary changes in morpl~ology result 
from the modification of develo~mental nro- 
cesses. To study evolutionary transfortna- 
tions in development, it is essential to trace 
chanees in the activitv of individual cells 
and ienes. The invariant development of 
free-living nematodes cotnbined with the ee- 

u - 
netic and molecular accessibility of some 
species provide an experimental system in 
which to study f~~nctional alterations in ho- 

Max-Planck lnstitut fur Entwcklungsbiologie, Abteilung 
Zellb~olog~e, Spemannstrasse 35, 72076 Tirblngen, 
Germanv. 

-To whom correspondence should be addressed. E-ma: 
sora@maierl .mpib-tueblngen,mpg.de 

tnologous cells and genes during the course 
of evolution. We analvzed an evolutionarv 
alteration of the fate of homologous ventral 
epidertnal cells among members of two dif- 
ferent nematode families. 

In the ventral epidermis of Caenorhabdi- 
tis elegans, 12 precursor cells [Pl.p through 
P12.p; denoted as P(1-12).p] adopt either 
nonvulval or distinct vulval cell fates in a 
position-specific manner (Fig. 1, A and B) 
( I ) .  The central cells [P(3-8).p], form a 
so-called vulva eauivalence erouD because 

u L 

all cells have the potential to adopt vulval 
fates. In the third larval stage (L3), these 
cells adopt one of three different cell fates. 
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Fig. 1. Schematic summary of the A 
poston and the cell fate of ventral 
epderma cells (A) In the L1 stage 
In Caenorhabditis, the 12 ventral 
emdermal cells Pn.r, iwlth n denot- ing cell number) are equally dstrib- 
uted In the reqion between the 
phaiynx and the rectum' (B) Differ- B P1.p P2,p P3.p P4.p P5.p P6.p P7.p P8.p P9.pPlO.pPll.pP72.pa 
entiaton pattern of the Pn.p cells In 
Caenorhabditis (Cei) (1). The non- Cei 

vulval cells P(l ,2,9-1 l) .p (whlte 
ovals) fuse with the epdermal syn- 
cytium. P12.pa forms hypl2 and is 
involved in rectum formaton. P3.p 
through P8.p form the vulva equiv- 
alence group and adopt one of 
three alternative cell fates indicated 
by dfferent symbols (black, cross- 
hatched, and speckled ovals). The 
cell denoted by the black oval gen- 
erates eight progeny, whereas the 
cells denoted by the cross-hatched 

Cel 
iin-39 9 

........................................... 
LIN-39 , : 

ovals generate seven progeny, a of X X X X X X X X X X X O  
whch form part of the vulva, In iin- ............................ 

....... ..... 39 mutants, P(3-8).p undergo cell i.. .L! k39.. .: 
fusion like their anterior and poste- E 
rior lineage homologs (5). Wd-type 
/in-39 acivity is ndcated by a sblid 
rectangle, the mutant by a dashed 
rectangle. (C) In Pristionchus (Ppa) ........................... , 
the nonvulva cells P(1-4,9-1 l).p i.. ....... L! N.-.%.. ..... .: 
undergo apoptoss (dead cells de- 
noted as X ) .  P(5-7).p differentate to form vulval tissue and P8.p has an epderma fate (verical strped 
oval) (2. 3). (D) Transformation model: Cell fate IS transformed from fusion to death in the evolutionary 
lineage leadng from Caenorhabditis to Pristionchus, In /in-39 mutant anmals. P(l-1 l).p should undergo 
apoptosis. (E) Regulation model: Positlona information (denoted by striped rectangles) provides an 
external cell death signal (arrows) that causes apoptosis of P(1-4,9-1 l).p. Alin-39 mutation would lead 
to cell fusion of P(5-8).p (whte ovals). 

Table 1. Extent of cell survival and vulva differentiation of VPCs observed In the Ppa-/in-39 alleles, In the 
differentiation column, the number of cells that would survive in wld-type animals is given in parenthesis. 
Although four cells survive in wild type, only three cells are VPCs, n ,  number of animals analyzed. 

Stran Surviving Differentiated Anmals with 
cells/animals VPCs/surv~ving VPCs nduction (%) n 

The nonvulval cells P(1,2,9-ll).p in <he 
anterlor and posterlor region undergo cell 
fus:on with the embnonicallv derived eni- 
dermal syncytium (hyb7) in ;he first 1ar;al 
stage (Ll) .  In contrast, in P~istionchzts pacifi- 
cus ( 2 ,  3) and other species of the Diplo- 
gastridae (2,  3) ,  the nonvulval cells [P( 1- 
4,9-ll).p] die of programmed cell death, 
indicating that a change in cell fate speci- 
fication occurred in the evolutionary lin- 
eages of these species (Fig. 1C and Fig. 2) 
(4). 

In Caenorhabditis, the homeotic gene lin- " 
39 contributes positional information for 
the specification of ventral epidermal cells 
and specifies the six cells P(3-8).p as vulva 

precursor cells (VPCs) (5). In Caenorhabdt- 
tis lzn-39 mutants, the VPCs undergo cell 
fusion which results in a vulvaless pheno- 
type (Fig. 1B). 

Two models could account for the ob- 
served difference In the fate of the non- 
vulval cells in Caenorhabditts and Pristion- 
chus. An  evolutionary cell-fate transfor- 
mation from cell fusion to cell death may 
have resulted in the apoptosis of epidermal 
cells observed in Pristionchus (Transforma- 
tion model; Fig. ID).  According to this 
model, lin-39 promotes vulval cell fate in 
the central body region and thereby pre- 
vents these cells from adopting the default 
fate (cell death). Alternatively, positional 

Cell 
Subclass Order Family Species Fate 

Strongylida Strongyloides F 

Secernentea 
ratti 

Rhabditidae 
Caenorhabditis F 
elegans 

I~iplogastridae Pristionchus 

pacificus 

Fig. 2. Proposed phylogenetic relationsh~p be- 
tween the analyzed species, based on the phyog- 
eny of Malakhov (1 994) (2, 4). Strongyloides ratti 
of the order Strongylida can be considered as an 
outgroup for both Caenorhabditis and Pristion- 
chus. The estmated phylogenetc separaton time 
for Caenorhabditis and Pristionchus IS at least 100 
mion years (2, 3). F, cell fuson; X,  cell death. 

information present only in the anterior 
and posterior, hut not in the central body 
region, might provide an external cell- 
death signal which induces the death of 
P(1-4,9-1 l ) .p  (Regulation model; Fig. 
1E). According to this model, cell fusion 
would be the default fate of ventral epi- 
dermal cells, and positional i~lforination in 
the different body regions would promote 
cell death and vulval fate, respectively. 
Thus, lin-39 n2ould Droinote vulval cell 
fate in the central body region and thereby 
prevents these cells from fusing. 

To distineuish between the transforma- 
D 

tion and the regulation model, we analyzed 
homeotic mutations in Pr~stionchus that re- 
sult in a vulvaless phenotype. The two mod- 
els allon, different predictions to be made 
regarding the fate of the central epidermal 
cells in a lin-39 mutant background in Pris- 
tionchzts (Fig. 1, D and E). According to the 
transfor~nation model, P(5-8).p should un- 
dergo apoptosis in lin-39 mutant animals, 
whereas the regulation model suggests that 
a lin-39 mutation n2ould lead to the fusion 
of P(5-8).p. Thus, it is possible to distin- 
guish between the two models by the cellu- 
lar phenotype of  nuta at ions in lin-39. 

We obtained the Pristionchus homolog of 
lin-39 by polymerase chain reaction (PCR) 
with degenerate primers within the home- 
odomain and used this fragment to screen 
genomic and cDNA libraries (Fig. 3) (6) .  
The lin-39 gene of Pristionchus is similar in 
organization and size to the lin-39 gene of 
Caenorhabdttis but contains one additional 
intron (Fig. 3A). 

From an ethvl methanesulfonate-mu- 
tagenesis screen of approximately 40,000 ga- 
metes, we isolated more than 50 Pristionchus 
vulva-defective mutants, 17 of which 
showed a vulvaless phenotype (7). By cell 
lineage analysis, two different phenotypes 
can be distinguished among the 17 vulvaless 
mutants. In five mutants, the vulvaless phe- 
notype is caused by the cell death of P(5- 
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8).p. Complementation analysis revealed 
that three of these five mutants, tu2, tu29, 
and 9374, belong to one gene and are all 
linked to the visible mutation Ppa-dpy-1. 
One mutant, 9374, is unlinked to Ppa-dpy-1 
and complements tu2, tu29, and 9374 (8). 
In the 12 other mutants, P(5-8).p survived 
but did not divide, resembling the phenotype 

of gonad-ablated wild-type animals (9). 
We analyzed the complete lin-39 coding 

region and at least 20 base pairs on either 
side of exon splice sites in the five mutants 
exhibiting cell death of P(5-8).p and found 
nonsense mutations in tu2, tu29, sy374, and 
sy319 (Fig. 3B) (10). In agreement with 
suggested nomenclature, we named the 

32 A T G A G C C C T C C A G A C G A T T C C C T T C C A T C G T C A T C T T C A T A  91 
I M S P P D D S L P S S S S S E S E M T S  2 0 

92 T C T T C A T C G T C T G A T C C A T T C C C T C C A T C G T C C T C T T C C T C C T  151 
21 S S S S D P F P P S S S S S A F F Y D P  40 

152 GCAGCAGCTGCAGCTGCAGCATCCTTCTATCCATCGGGTGCAGCTCCTCCCTTTGCAGCC 211 
4 1 A A A A A A A S F Y P S G A A P P F A A  60 

'I 
2 12 CAATCGACAGATCAGIGTTCTTCAATATCAGAATGGAGGAGGAGATAAGGATGAT 2 7 1 
61 Q S T D Q V L Q Y Q N G G G D W K D D K  80 

w 
2 72 GACGATAAG~GTGTTGATTCTGGAGAGGAGAAAACTCCAT~GGGTACTCCCGTCTAC~~A 3 3 1 
81 D.D._K S V D  S G E  E K T  P S G  i r Y P  100 

+w319 v 
332 TGGATGACTAGAGTACACAATAATGGAGGATCCTCGAAGGGCCi 
101 W M T R V H N N G G S S K G G  

R N 

4GAGACGGI 
R R '  

2 v L 

iTTGAGATP 
C E T  

T P '  

L S H S L M L S E R Q V ]  160 

GTGCCTCAAATGATGCCATTCCCCTCGGGTCAACTTCCCTTCCTCAATAATTTCACTACC 631 
V P Q M M P F P S G Q L P F L N N F T T  200 

632 TTCCAAAGGAATCTTCTCCTATCCAATCCTTTCTAGTCCCTCTTCGCTCCTTCCCTCG 691 
201 F Q R N L L L S N P F . . .  212 

KTCACTT'I 
iTTCCTTT'I 
rccccccc~ 
3- 

ACTTTCCC 
'TCCGTGAC 
'ATTATTGT 
a G A ? A u  

GTTCGAGACATTTTTCTCACTAGGACAGCCATTACCTTTTCTCTCCAACTAGGTITTAAC 751 
GGTCTTCATTTCTTAAACGTTTCCTACATTATTAGGCATCCGTAGTTCCACATTCGACCG 811 
ACTCGATTCTTCCCTCTTTTCCCTCGATTCCTTGATTCA~CATACACWTCCCCGCCT 871 

872 T T C C C T C T G T C T C T T C A A C A G C T T T C C C T T T C C C C A T T G G  931 
932 A T T T C G C T T T A T T A G C T A C T T A T T T C T T C C T T T T C T A T T G A T  991 
9 9 2 TTCAGAGTGT: 'CTCACTGA ZCCACAGAC ? 1051 
1 0 5 2 ACAATTGAGAi 'CTTCCCCC ACCTCGCT( i 1111 
1112 GTGTCCCCCC: iTCACCGG'I ZACATAAAC ? 1171 
117 2 TTATTTTGCT( i A A E u A M  1214 

C 
Cel lin-39 EKRQRTAYTRNQVLELEKEFHTHKYLTRKRRIEVAHSLMLTERQVKIWFQ~E 
Ppa lin-39 ---------------------m----------IS-----S------------------ 
m e  Dfd p---------H-I--------~----R----IA-T-V-S---I----------W--D 

Fig. 3. Cloning and sequencing analysis of Ppa-/in-39. (A) Ppa-/in-39 genomic structure. The exact size 
of intron 3, which is approximately 2 to 3 kb in length (based on Southern hybridization experiments) has 
not been determined. The hexapeptide and the homeodomain are shown as black boxes. The positions 
of intron 1, 3, 4, and 5 are conserved between /in-39 in Caenorhabditis and Pristionchus. lntron 2 of 
Pristionchus is not present in Caenorhabditis. (B) Sequence of the longest Ppa-/in-39 cDNA. Concep- 
tual translation begins with the first in-frame ATG codon. The hexapeptide is underlined and the 
homeodomain is indicated by a shaded box. lntrons are indicated by black triangles. Mutations are. 
indicated by mows. sy319 contains a guanine-to-adenine transition, and tu2, tu29, and sy374 contain 
cytosine-to-thymine transitions, all resulting in stop codons. (C) Comparison of the homeodomain 
sequence (15) between Caenorhabditis (Cd) and Pristionchus (Ppa) /in-39 and the Drosophila mdano- 
gaster (Dme) Dfd gene. 

gene Ppa-lin-39 (1 1). No mutation was 
found in sy376, which has been named 
Ppa-ped- 1 2. 

The vulvaless phenotype of Ppa-lin-39 is 
recessive and segregates with normal Men- 
delian inheritance (12). The phenotypes 
caused by Ppa-lin-39 mutations were of vari- 
able expressivity (Fig. 4 and Table 1). The 
alleles sy319 and tu2 displayed a high pen- 
etrance of embryonic and early larval lethal- 
ity and P(5-8).p underwent programmed 
cell death in nearly all analyzed mutant an- 
imals (Table 1). In contrast, in the two 
alleles tu29 and sy374, about 30% of the 
VPCs survived: In 100 tu29 mutant animals 
we analyzed, 69 of the potential 300 VPCs 
survived, 45 of which differentiated into vul- 
val cells later in development. The remain- 
ing 24 cells had an epidermal fate and did 
not divide (Table 1). 

The cell-death phenotype of P(5-8).p 
caused by Ppa-lin-39 mutations supports the 
cell fate transformation model, which pre- 
dicts that cell fusion in C m W t i s  and 
cell death in Pristimhus are alternative 
nonvulval cell fates. Thus, the difference in 
cell behavior is an intrinsic property of 
these cells rather than the result of different 
external cues. In both species, lin-39 speci- 
fies the central cells to become VPCs and 
prevents these cells from adopting the non- 
vulva1 cell fate. It is unknown however, 
how lin-39 regulates this cell-fate decision. 
Mechanistically, LIN-39 activity might re- 
press the nonvulval fates, promote the vul- 
val fate, or do both. Whereas cell fusion is 
not very well understood mechanistically, 
much is known about the mechanisms of 
cell death in C m W t i s  (1 3). Celldeath 
mutants have also been isolated in Pristion- 
chus (14). Such Pristionchus celldeath mu- 
tants will be useful in studying the link 
between lin-39 and apoptosis. 

-- 

Fig. 4. Pristionchus /in-39 mutant phenotype. (A) 
Nomarski photomicrographs of a wild-type Pris- 
tionchus hermaphrodite in the fourth larval stage, 
showing the seven progeny of P(5,7).p and the 
anchor cell (AC). (B) Nomarski photomicrographs 
of a sy319 mutant animal, no wlval cells are 
present. U, uterus. 
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chus [V. V. Malakiiov. !Vetnatodes (Sm~thsonian 
nsttut ion Press. Washington, DC. 1994)l dspays 
fuson of nonvuva epidermal cells (R. J. Sommer. 
unpublished obsen~aton). 

5. B. B. Wang ei ai.. Celi 74. 29 11993); S. G. Clark, 
A. D. Chlsholm H. R. Honlitz, ~ b ~ d . ,  p. 43. S. J. 
Saser, C. M. Loer. C. Kenyon, Genes Dev. 7. 1714 
(1993); T. R. Clandinin W. S Katz, P W. Sternberg, 
Dev. Bioi. 182, 150 (1 997). 

6. Ppa-11n-39 was cloned by PCR using degenerate 
primers n the iiomeodomain. The primers were 5'-  
CGTCAGMGTACTGCNTAYAC-3' and 5'-CATGC- 
KACKRTTYTGRAACCA-3' 

7. Mutagenes~s screens were carried out as described 
(2). 

8. Hermapiirod,tes of the fifth mutant, sy319, never 
form ventral protrusons or vulvae and thus, cannot 
be mated. 

9. First genetic character~zaton of these mutants indi- 
cates that they belong to several genes. None of the 
mutants IS Inked to Ppa-dp.v-1 (C. Wese and R. J. 
Sommer, unpublshed observaton) 

10. DNA was Isolated from two independent batches 
of mutant anmas ,  ampfied by three Independent 
PCR reactons, and sequenced In both drections. 
Although the mutant sy319 cannot be tested ge- 
netically, the molecular anayss suggests tiiat the 
mutant is an a lee  of Ppa-/in-39. The molecular 
lesion ntroduces a stop codon into the hexapep- 
tide, removing ti ie complete homeodomain. The 
strong vulvaless phenotype of sy319 mutant ani- 
mals IS consstent w t i i  the more severe molecular 
truncation in comparison to tiie three other alleles 
(Figs. 3 and 4; Table 1). However. we cannot rule 
out tiiat a second background mutaton is involved 
in generating the strong vulvaless phenotype of 
sy319 mutant anmals. 

11. D. M. B rd  and D. L. Rdde ,  J. Netnatol. 26, 138 
11 994). 

12. The three alleles tu2. tu29, and s.v374 were all 

Phosphorylation of Sicl p by G, Cdk Required 
for Its Degradation and Entry into S Phase 

R. Verma, R. S. Annan, M. J. Huddleston, S. A. Carr, 
G. Reynard, R. J. Deshaies 

G, cyclin-dependent kinase (Cdk)-triggered degradation of the S-phase Cdk inhibitor 
Sicl p has been implicated in the transition from G, to S phase in the cell cycle of budding 
yeast. A multidimensional electrospray mass spectrometry technique was used to map 
G, Cdk phosphorylation sites in Sicl p both in vitro and in vivo. A Sicl p mutant lacking 
three Cdk phosphorylation sites did not serve as a substrate for Cdc34p-dependent 
ubiquitination in vitro, was stable in vivo, and blocked DNA replication. Moreover, purified 
phosphosicl p was ubiquitinated in cyclin-depleted G, extract, indicating that a primary 
function of G, cyclins is to tag Sicl p for destruction. These data suggest a molecular 
model of how phosphorylation and proteolysis cooperate to bring about the G,/S tran- 
sition in budding yeast. 

E x i t  froin the  G, phase and tlle initiation 
of D N A  synthesis in  tlle cell cycle of bud- 
ding yeast require the  activities of CDC34,  
CDC4, CDC53,  SKPI, one member of a set 
of GI  cyclin genes (CLNI-3) ,  and one 
rneinber of a set of B-type cyclin genes 
(CLBI-6) ( 1 4 ) .  A key insight into the  
inolecular switch that drives cells frorn G I  
to  the  S phase \\.as the  observation that  the  
Gl/S cell cycle arrest of cdc34", cdc4", 
cdc53", and skplf' mutants is suppressed by 
deletion of S ICI ,  which encodes a n  inhib- 
itor of tlle protein kinase activity of a set of 
S phase-promoting Clb/Cdc28p complexes 
(1,  3) .  Biochemical reco~ls t i tu t io~l  experi- 
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inents have revealed that  Cdc4p, Cdc53p, 
and S k p l p  constitute a ubiquitin ligase 
cornplex (SCFCdC4) that collaborates with 
tlle ubiquitin-conjugating enzyme Cdc34p 
and the  GI-specific Cdk  Cln2p/Cdc28p 
( G I  Cdkl) to  promote the  ilbiquitination of 
Siclw (5. 6) .  Taken toeether, these data , ,  , " 
suggest that tlle destruction of S ic lp  via the  
SCFCdc' ~lbiaui t inat io~l  ~at l l lvav might 
trigger S entry in  lvikl-type'budi1;Ilg 
yeast cells. 

G, C d k  activity is thought to be required 
for entry into S phase in all eukaryotic cells, 
but its exact targets have remained elusive. " 

Sic lp  is a potential key substrate of the  
budding yeast G I  Cdk,  because C l n  proteins 
are required for S ic lp  degradation in vivo 
and ilbiquitination in  vitro (2 ,  5 ) ,  and C l n  
function is dispe~lsible in cells lacking S ic lp  
(2,  7). Thus, C l n  proteins might trigger 
S ic lp  destruction and entry into S phase by 
modulating the  activity of the  S ic lp  degra- 

marked w ~ t h  the Inked recessive vlslble mutatlon 
Ppa-dpy-1 Crossed progeny from a matng of such 
marked vulvaless homozygous hermaphrodites w t h  
wd- type males are w d  type for the vsibe marker 
(being Ppa-dpy-l i -)  and wild type for the vulva phe- 
notype scored under Nomarsk optlcs (1 011 C for 
each allele). Such iieterozygous hermaphrodites 
segregated one-quarter vulvaless animals, a of 
which are also homozygous mutant for the vlsible 
marker Segregants that are w d  type for the vlsible 
marker are also wild type for the vulva phenotype 
scored under Nomarsk optcs (25i25 for each alee) 
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dation machinery or by phospllorylating 
S ic lp  directly, thereby allowi~lg it t o  be 
recognized as a substrate for proteolysis. 

There are nine (Ser or Thr )  Pro candi- 
date GI  C d k  pllosphoacceptor sites in  
Sic lp ,  seven of which (Fig. 1 A )  are clus- 
tered in the  first 105 NH,-terminal resi- 
dues. This segment of S ic lp  co~l ta ins  se- 
quences that are both necessary and suffi- 
cient to specify Cdc34p-dependent ubiq- 
uitination (5 ) .  T o  test \vlletller S ic lp  serves 
as a substrate for GI  Cdk,  we rnixed a 
purified maltose-binding protein-Siclp chi- 
mera ( b l B P - S i ~ l p " ' ~ ' ~ ~ ;  lnyc a ~ l d  His6 re- 
fer to  a bipartite epitope tag appended to 
the  COOH-terminus of the  hybrid protein) 
(8) with Cl112p/Cdc28p~"/Ckslp complex- 
es that  were immunoaffinity-purified from 
insect cell lysates by virtue of the  hernag- 
glutinin ( H A )  tag appended to  Cdc28p (9) .  
b f ~ p . s i ~ l ~ l ~ i ~ H 1 ~  was efficiently phospho- 

rylated by eluted GI  Cdk  complexes (Fig. 
1B) but not by control eluates prepared 
from Sf9 cells expressing only Cln2p or 
Cdc28p. Unfi~sed MBP was not  phosphoryl- 
ated by GI  Cdk  cornplexes despite its hav- 
ing two potential Cdk  phosphorylation 
sites. 

T o  map the sites at lvhich MBP- sic ~ p ~ l l ~ r c ~ ~ s 6  was pllosphol~lated by GI  Cdk 

complexes, we used a inultidimensio~lal elec- 
trospray rnass spectrometry (ESblS) tech- 
nique (1 0-1 2).  Tryptic phosphopeptides de- 
rived from purified pho~phor~ la ted  MBP- 
s ~ ~ ~ ~ ~ K H ~ ~ ~  (Fig. 1C)  were isolated by high- 

perfornlance liquid chromatography (HPLC) 
follo\ved by ESMS in the negative ion mode 
through single-ion monitoring of PO,-, \vllicll 
has a mass-to-charge ratio (rn/z) of 79. The  
m/z 79 ion is a specific inarker for phos- 
phopeptides; the distribution of this ion (Fig. 
ID,  gray) is superimposed on tlle 214-nm 
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