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tablished capability to be functionalized via
covalent and noncovalent bonding (46,
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 lin-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 Pristionchus pacificus. The homeotic gene /in-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 morphology result
from the modification of developmental pro-
cesses. To study evolutionary transforma-
tions in development, it is essential to trace
changes in the activity of individual cells
and genes. The invariant development of
free-living nematodes combined with the ge-
netic and molecular accessibility of some
species provide an experimental system in
which to study functional alterations in ho-
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Zellbiologie, Spemannstrasse 35, 72076 Tubingen,
Germany.

*To whom correspondence should be addressed. E-mail:
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mologous cells and genes during the course
of evolution. We analyzed an evolutionary
alteration of the fate of homologous ventral
epidermal cells among members of two dif-
ferent nematode families.

In the ventral epidermis of Caenorhabdi-
tis elegans, 12 precursor cells [P1.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 equivalence group because
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
position and the cell fate of ventral
epidermal cells. (A) In the L1 stage
in Caenorhabditis, the 12 ventral
epidermal cells Pn.p (with n denot-
ing cell number) are equally distrib-
uted in the region between the
pharynx and the rectum. (B) Differ- B
entiation pattern of the Pn.p cells in
Caenorhabditis (Cel) (7). The non-
vulval cells P(1,2,9-11).p (white
ovals) fuse with the epidermal syn-
cytium. P12.pa forms hyp12 and is

Gonad

1p2.p 3.p4p5p 6.p 7.p 8p9.p10.pti.pl2pa

P1.p P2.p P3p P4p P5p P6p P7.p P8p P9.pP10.pP11.pPi2pa

involved in rectum formation. P3.p
through P8.p form the vulva equiv-
alence group and adopt one of
three alternative cell fates indicated
by different symbols (black, cross-
hatched, and speckled ovals). The
cell denoted by the black oval gen-
erates eight progeny, whereas the D

cells denoted by the cross-hatched

ovals generate seven progeny, all of X

which form part of the vulva. In fin-
39 mutants, P(3-8).p undergo cell
fusion like their anterior and poste-
rior lineage homologs (5). Wild-type
1in-39 activity is indicated by a solid
rectangle, the mutant by a dashed
rectangle. (C) In Pristionchus (Ppa),
the nonvulval cells P(1-4,9-11).p
undergo apoptosis (dead cells de-

O —= X
X X X X X X X x x xO
o LIN-3g T
X X X X C X XX Ox x xO
il g e * T
O A
""""" LiN-39

noted as X). P(5-7).p differentiate to form vulval tissue, and P8.p has an epidermal fate (vertical striped

oval) (2,

). (D) Transformation model: Cell fate is transformed from fusion to death in the evolutionary

lineage leading from Caenorhabditis to Pristionchus. In lin-39 mutant animals, P(1-11).p should undergo
apoptosis. (E) Regulation model: Positional information (denoted by striped rectangles) provides an
external cell death signal (arrows) that causes apoptosis of P(1-4,9-11).p. A /in-39 mutation would lead

to cell fusion of P(5-8).p (white 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 wild-type animals is given in parenthesis.
Although four cells survive in wild type, only three cells are VPCs. n, number of animals analyzed.

Strain Surviving Differentiated Animals with n
cells/animals VPCs/surviving VPCs induction (%)

WT 4 150/150 (150) 100 50

sy319 0.01 0/2 (150) 0 50

tu2 0.11 3/3 (165) 5.4 55

tu29 0.81 45/69 (300) 36.0 100

sy374 1.08 64/86 (300) 39.0 100

The nonvulval cells P(1,2,9-11).p in the
anterior and posterior region undergo cell
fusion with the embryonically derived epi-
dermal syncytium (hyp7) in the first larval
stage (L1). In contrast, in Pristionchus pacifi-
cus (2, 3) and other species of the Diplo-
gastridae (2, 3), the nonvulval cells [P(1-
4,9-11).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
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precursor cells (VPCs) (5). In Caenorhabdi-
tis lin-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 Caenorhabditis 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. 1D). 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

e Fe e e o Ll i isiisnlasns i bst gy RS EE i E REPORTS

Cell
Subclass Order  Family Species Fate
Strongylida Strongyloides  F
ratti
Secernentea
(Rhabditia)
M(L‘Iaenorhabdlﬂs F
elegans
Rhabditida 9
Diplogastridae
Pr h X
pacificus

Fig. 2. Proposed phylogenetic relationship be-
tween the analyzed species, based on the phylog-
eny of Malakhov (1994) (2, 4). Strongyloides ratti
of the order Strongylida can be considered as an
outgroup for both Caenorhabditis and Pristion-
chus. The estimated phylogenetic separation time
for Caenorhabditis and Pristionchus is at least 100
million years (2, 3). F, cell fusion; X, cell death.

information present only in the anterior
and posterior, but not in the central body
region, might provide an external cell-
death signal which induces the death of
P(1-4,9-11).p (Regulation model; Fig.
1E). According to this model, cell fusion
would be the default fate of ventral epi-
dermal cells, and positional information in
the different body regions would promote
cell death and vulval fate, respectively.
Thus, lin-39 would promote vulval cell
fate in the central body region and thereby
prevents these cells from fusing.

To distinguish between the transforma-
tion and the regulation model, we analyzed
homeotic mutations in Pristionchus that re-
sult in a vulvaless phenotype. The two mod-
els allow different predictions to be made
regarding the fate of the central epidermal
cells in a lin-39 mutant background in Pris-
tionchus (Fig. 1, D and E). According to the
transformation model, P(5-8).p should un-
dergo apoptosis in lin-39 mutant animals,
whereas the regulation model suggests that
a lin-39 mutation would 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 mutations 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
Caenorhabditis but contains one additional
intron (Fig. 3A).

From an ethyl 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 sy374, belong to one gene and are all
linked to the visible mutation Ppa-dpy-1.
One mutant, sy376, is unlinked to Ppa-dpy-1
and complements tu2, tu29, and sy374 (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

gene Ppa-lin-39 (11). No mutation was
found in sy376, which has been named
Ppa-ped-12.

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-
A 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 129 and sy374, about 30% of the
VPCs survived: In 100 129 mutant animals
we analyzed, 69 of the potential 300 VPCs
survived, 45 of which differentiated into vul-
el val cells later in development. The remain-
i GGCACGAGCTGCCTCTTTCTTCCCTTCCTTCTA 31 mg 24 Cells had an epidemal fate and dld
not divide (Table 1).
The cell-death phenotype of P(5-8).p
caused by Ppa-lin-39 mutations supports the

5 ¥

Exon 1 2 3 4 5 6

32 ATGAGCCCTCCAGACGATTCCCTTCCATCGTCATCTTCATCAGAATCCGAGATGACTTCA 91
R - e R N <R b o DR S i B e e T S S S Ty 20

92  TCTTCATCGTCTGATCCATTCCCTCCATCGTCCTCTTCCTCCGCCTTCTT TceT 1 . .
A e ae e A 2o R e S S Rl B e TR C$ACEA = ié cgll fate transfom}&pn model, wh1§b pre-
dicts that cell fusion in Caenorhabditis and
152  GCAGCAGCTGCAGCTGCAGCATCCTTCTATCCATCGGGTGCAGCTCCTCCCTTTGCAGCC 211 cell death in Pristionchus are alternative
diE A AR A AR R o el e e G R S D S e 60 . :
v nonvulval cell fates. Thus, the difference in
212  CAATCGACAGATCAGGTTCTTCAATATCAGAATGGAGGAGGAGATTGGAAGGATGATAAA 271  cell behavior is an intrinsic property of
G55 (O S ST VD QE NS S QIS T R SN GG G RRDER N RS S D K 80 these cells rather than the result of different
272  GACGATAAGAGTGTTGATTCTGGAGAGGAGAAAACTCCATCGGGTACTCCCGTCTACCCA 331 f{"temal cues. In both species, lin-39 speci-
g1 h i Rs R Dl G R i el i g Sy e 100 fies the central cells to become VPCs and
o v A
prevents these cells from adopting the non-
332  TGGATGACTAGAGTACACAATAATGGAGGATCCTCGAAGGGCGG 391 .
101, W T R .V KN N &d e 4 F 6.6 12p  vulval cell fate. It is unknown however,
how lin-39 regulates this cell-fate decision.
i gi iié Mechanistically, LIN-39 activity might re-
press the nonvulval fates, promote the vul-
452 511  val fate, or do both. Whereas cell fusion is
141 160 not very well understood mechanistically,
512 ATAAGGACAAACCTCAA 571  much is known about the mechanisms of
161 KD K20 180  cell death in Caenorhabditis (13). Cell-death
e also been isolated in Pristion-
572  GTGCCTCAAATGATGCCATTCCCCTCGGGTCAACTTCCCTTCCTCAATAATTTCACTACC 631 n}llutants hav h Pristionch ell p) 1;\5
SR I T S SR e R e T TR T A 200  chus (14). Such Pristionchus cell-death mu-
tants will be useful in studying the link
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Fig. 3. Cloning and sequencing analysis of Ppa-lin-39. (A) Ppa-lin-39 genomic structure. The exact size
of intron 3, which is approximately 2 to 3 kb in length (based on Southemn 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 lin-39 in Caenorhabditis and Pristionchus. Intron 2 of
Pristionchus is not present in Caenorhabditis. (B) Sequence of the longest Ppa-lin-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. Introns are indicated by black triangles. Mutations are_
indicated by arrows. 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 (Cel) and Pristionchus (Ppa) lin-39 and the Drosophila melano-
gaster (Dme) Dfd gene.

Fig. 4. Pristionchus lin-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 sy379 mutant animal, no vulval cells are
present. U, uterus.
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Phosphorylation of Sic1p 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
Sic1p 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 Sic1p both in vitro and in vivo. A Sic1p 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
phosphoSic1p was ubiquitinated in cyclin-depleted G, extract, indicating that a primary
function of G, cyclins is to tag Sic1p 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.

Exit from the G, phase and the initiation
of DNA synthesis in the cell cycle of bud-
ding yeast require the activities of CDC34,
CDC4, CDCS53, SKP1, one member of a set
of G; cyclin genes (CLNI-3), and one
member of a set of B-type cyclin genes
(CLBI1-6) (1-4). A key insight into the
molecular switch that drives cells from G,
to the S phase was the observation that the
G4/S cell cycle arrest of cdc34%, cdc4®,
cdc53%, and skpl® mutants is suppressed by
deletion of SICI, which encodes an inhib-
itor of the protein kinase activity of a set of
S phase—promoting Clb/Cdc28p complexes
(I, 3). Biochemical reconstitution experi-
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ments have revealed that Cdc4p, Cdc53p,
and Skplp constitute a ubiquitin ligase
complex (SCF®%4) that collaborates with
the ubiquitin-conjugating enzyme Cdc34p
and the G,-specific Cdk Cln2p/Cdc28p
(G, Cdkl) to promote the ubiquitination of
Siclp (5, 6). Taken together, these data
suggest that the destruction of Siclp via the
SCF®* ubiquitination pathway might
trigger S phase entry in wild-type budding
yeast cells.

G, Cdk activity is thought to be required
for entry into S phase in all eukaryotic cells,
but its exact targets have remained elusive.
Siclp is a potential key substrate of the
budding yeast G, Cdk, because Cln proteins
are required for Siclp degradation in vivo
and ubiquitination in vitro (2, 5), and Cln
function is dispensible in cells lacking Siclp
(2, 7). Thus, Cln proteins might trigger
Siclp destruction and entry into S phase by
modulating the activity of the Siclp degra-
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dation machinery or by phosphorylating
Siclp directly, thereby allowing it to be
recognized as a substrate for proteolysis.

There are nine (Ser or Thr) Pro candi-
date G; Cdk phosphoacceptor sites in
Siclp, seven of which (Fig. 1A) are clus-
tered in the first 105 NH,-terminal resi-
dues. This segment of Siclp contains se-
quences that are both necessary and suffi-
cient to specify Cdc34p-dependent ubig-
uitination (5). To test whether Siclp serves
as a substrate for G, Cdk, we mixed a
purified maltose-binding protein—Sic1p chi-
mera (MBP-Siclp™<His6; myc and His6 re-
fer to a bipartite epitope tag appended to
the COOH-terminus of the hybrid protein)
(8) with Cln2p/Cdc28pt4/Cks1p complex-
es that were immunoaffinity-purified from
insect cell lysates by virtue of the hemag-
glutinin (HA) tag appended to Cdc28p (9).
MBP-Sic1p™¥eHis6 was efficiently phospho-
rylated by eluted G, Cdk complexes (Fig.
1B) but not by control eluates prepared
from Sf9 cells expressing only Cln2p or
Cdc28p. Unfused MBP was not phosphoryl-
ated by G, Cdk complexes despite its hav-
ing two potential Cdk phosphorylation
sites.

To map the sites at which MBP-
Siclp™<His was phosphorylated by G, Cdk
complexes, we used a multidimensional elec-
trospray mass spectrometry (ESMS) tech-
nique (10-12). Tryptic phosphopeptides de-
rived from purified phosphorylated MBP-
Siclp™v<Hiso (Fig, 1C) were isolated by high-
performance liquid chromatography (HPLC)
followed by ESMS in the negative ion mode
through single-ion monitoring of PO;~, which
has a mass-to-charge ratio (m/z) of 79. The
mfz 719 ion is a specific marker for phos-
phopeptides; the distribution of this ion (Fig.
1D, gray) is superimposed on the 214-nm
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