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Rapid Degradation of the G1 Cyclin Cln2 Induced 
by CDK-Dependent Phosphorylation 

Stefan Lanker, M. Henar Valdivieso, Curt Wittenberg* 

Cyclins regulate the major cell cycle transitions in eukaryotes through association with 
cyclin-dependent protein kinases (CDKs). In yeast, G1 cyclins are essential, rate-limiting 
activators of cell cycle initiation. G1-specific accumulation of one G1 cyclin, Cln2, results 
from periodic gene expression coupled with rapid protein turnover. Site-directed mu
tagenesis of CLN2 revealed that its phosphorylation provides a signal that promotes rapid 
degradation. Cln2 phosphorylation is dependent on the Cdc28 protein kinase, the CDK 
that it activates. These findings suggest that Cln2 is rendered self-limiting by virtue of its 
ability to activate its cognate CDK subunit. 

1 he term "cyclin" was originally coined to 
describe dramatic fluctuations in abun
dance displayed by the positive regulatory 
subunits of CDKs during the cell division 
cycle (I). Despite the fact that most cyclins 
accumulate periodically, the mechanisms 
governing their accumulation appear to dif
fer. The budding yeast G t cyclins, encoded 
by the CLN I and CLN 2 genes, accumulate 
during the G t phase and become maximal 
during the late G t phase as cells transit the 
start (the point at which cells commit to 
completion of a new cell cycle). Because 
the Cln proteins appear to be constitutively 
unstable (2-5), their pattern of accumula
tion largely reflects their pattern of gene 
expression. G t cyclin abundance is impor
tant in determining the timing of cell cycle 
initiation. Consequently, Cln protein insta
bility is critical for proper regulation of cell 
cycle progression. 

The PEST sequence (Pro, Glu, Ser, and 
Thr), found in all three yeast G t cyclins, 
was originally identified as a potential de
terminant of protein instability on the basis 
of the frequency of its occurrence in con
stitutively unstable proteins (6). However, 
it has yet to be functionally defined. Dele
tion of the COOH-terminal sequences of 
Cln2 and Cln3 that include the PEST motif 
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results in phenotypes consistent with hyper-
activation of Gj cyclins (7). Furthermore, 
these truncations, as well as more precise 
deletions of PEST sequences, partially sta
bilize the mutant proteins (4, 5, 8). How
ever, it is not clear whether the PEST se
quences per se or other aspects of the PEST-
containing region constitute the relevant 
determinants. Our analysis of the posttrans-
lational modification of Cln2 has demon
strated the importance of Cln2 phosphoryl
ation as a signal for its rapid turnover. Be
cause Cln2 phosphorylation is dependent 
on the activity of its cognate CDK subunit, 
we propose that phosphorylation of Cln2 by 
Cdc28 couples activation of the Cln2-
Cdc28 protein kinase to degradation of the 
Cln2 polypeptide and, thereby, renders 
Cln2-activated CDK activity self-limiting. 

Phosphorylation of Cln2 causes its het
erogeneous electrophoretic mobility as ob
served by SDS-polyacrylamide gel electro
phoresis (SDS-PAGE) (Fig. 1A). The Cln2 
species with highest mobility comigrates 
with bacterially expressed Cln2 polypeptide 
(2). Treatment of 35S-labeled Cln2 immu-
noprecipitates with calf intestine alkaline 
phosphatase in the absence, but not in the 
presence, of phosphatase inhibitors resulted 
in the loss of the species with lower mobil
ity. In addition, Cln2 became isotopically 
labeled when cells were grown in the pres
ence of [32P]orthophosphate (Fig. IB). The 
phosphorylated amino acid residues were 
primarily phosphoserine and, to a lesser ex
tent, phosphothreonine (Fig. 1C) . 

To identify the protein kinase responsi-
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Fig. 1. Dependence of phos- 
phorylation of Cln2 on Cdc28 
protein kinase. (A) Extracts of 
cells grown in the presence 
of r5S]methionine were im- 
munoprecipitated with anti- 
serum to Cln2 (23). Cln2 im- 
munoprecipitates untreated 
(lane 1) or incubated with calf 
intestinal alkaline ohos- 

A 
Phosph. - + + 
Inh~bitors - - 

- - - .  

phatase (~hosph.) (lane 2jir c D NOC 250 370 
with phosphatase and phos- - 30 60 30 60 (min) 
phatase inhibitors (21) (lane 
3) were resolved by SDS- [3 ~ C I ~ Z  
PAGE and visualized by au- Cdc28 
toradiography. (B) Wild-type 1 2 3 4 5  

cells (lanes 1 and 3) or tem- 
perature-sensitive (ts) cdc28- 13 mutant cells (lanes 2 and 4) expressing either wild-type CLN2 (lanes 1 and 
2) or the nonfunctional allele cln2Ax.s (9) (deletion of the CLN2 cyclin box) (lanes 3 and 4) tagged with the HA 
epitope (22) were grown in the presence of inorganic r2P]orthophosphate (24). Extracts were incubated 
with monoclonal HA antibody (1 2CA5) (25) and with immunoprecipitates resolved as described (A). Quan- 
tiation of 32P incorporation was performed with a Phosphorlmager (closed bars, right) and is presented as 
a percent of that in the wild type. Q~an t i a f~e  results of Cln2 and Cln2Axs phosphorylated in an in vitro 
immune complex protein kinase assay (26') are also presented (open bars, right). (C) Two-dimensional 
phosphoamino acid analysis of Cln2 phosphorylated in vivo was done as described (27). S, phosphoserine; 
T, phosphothreonine; Y, phosphotyrosine. (D) Cells carrying the temperature-sensitive cdc28- 13 allele and 
a single copy of GAL 1::CLN2 integrated at the LEU2 locus were incubated either at the permissive (25°C) 
or restrictive (37°C) temperature for 120 min. Then, expression of CLN2 was induced by addition of 
galactose and cells incubated for an additional 60 min at the same temperature. Extracts were analyzed by 
immunoblotting with antiserum to Cln2 (2). (E) The same strain was arrested by incubation in medium 
containing nocodazole (Noc; 15 ~g/ml) for 180 min followed by a subsequent 60-min incubation at either 
the permissive or restrictive temperature. GALl::CLN2 expression was induced by addition of galactose, 
and extracts were analyzed by immunoblotting with antiserum to Cln2 or Cdc28 (28). 

1 d u u  1 C; CLN-deficient Wild tvoe . .., .. .. , . 
I I 

CLNZ CLNPT3S CLN2 CLNPT3S 

53961 TWY Y27A T430A I " - \  I \  : 1 ', ', '. 

CLNZ CLN2dT3s 

CLN 

, . .  
Cell size (11) 

Fig. 2. Deregulated cell cycle initiation of an SP-TP-deficient CLN2 mutant (CLNPT35). (A) Organization 
of the CLN2 protein coding region (open bar, top panel). The CLN2 cyclin box (black bar), PEST domain 
(gray bar) (6'), site of CLN2 truncation mutants (asterisk), and the positions of SP-TP sequences (arrows; 
minimal Cdc28 kinase consensus sequence) are indicated. Shown below is the CLN2 COOH-terminal 
amino acid sequence containing the PEST domain (underlined), the seven SP-TP sequences (boxed), 
and the position of the mutations described in this study (1 1). All seven SIT to A mutations (29) are present 
in the CLNPT3S mutant. (B) Cell size distributions (30) of asynchronous populations of CLN-deficient 
(cInlAcln2Acln3AGAL1::CLN3) strains carrying a single copy of either CLN2 or CLNPT3S and grown in 
glucose so that cells are dependent on CLN2 or CLNPT3S. (C) Flow cytometry analysis for DNA content 
of asynchronous populations of CLN-deficient or wild-type strains carrying a single copy of either CLN2 
or CLNPm. (D) The same strains as depicted in (C) were assayed for their capacity to respond to mating 
pheromone. Strains were grown for 3 days at room temperature on plates to which alpha factor was 
spotted in the amounts (ng) shown at the position indicated in the center panel (31); wt, wild-type strain; 
cln-, CLN-deficient strain. 

ble for phosphorylation of Cln2, we evalu- 
ated Cln2's modification in cells deficient 
in Cdc28 protein kinase activity. CLN2 was 
expressed from the inducible GAL1 pro- 
moter in cells carrying a temperature-sensi- 
tive cdc28-13 mutation and extracts ana- 
lyzed by immunoblotting (Fig. ID). Cln2 
protein accumulating at the restrictive tem- 
perature (37°C) failed to become modified, 
as shown by the lack of species of lower 
mobility. Little in vivo incorporation of 
[32P]phosphate into Cln2 protein was ob- 
sewed in cdc28-13 mutant cells grown at 
the restrictive temperature (Fig. 1B). This 
lack of Cln2 phosphorylation appears not to 
result from cell cycle arrest during G, be- 
cause modification of Cln2 expressed out- 
side of G, was also dependent on functional 
Cdc28 (Fig. 1E). Thus, phosphorylation of 
Cln2 in vivo is dependent on a functional 
Cdc28 protein kinase. 

Modification of Cln2 is also associated 
with the binding of Cln2 to Cdc28. Thus, a 
defective Cln2 mutant, Cln2Axs (9) ,  which 
is unable to bind to the Cdc28 polypeptide 
by virtue of a small deletion within the 
"cyclin box" (see below), neither displayed 
the characteristic heterogeneity in electro- 
phoretic mobility nor became labeled with 
[32P]orthophosphate in vivo or in vitro (Fig. 
1B). A deficiency in Cln2 phosphorylation 
is observed in cdc37 mutants where Cln2 
fails to bind to Cdc28 (10). The modifica- 
tion of Cln2Axs that was observed is unaf- 
fected by inactivation of Cdc28 and, there- 
fore, appears not to be mediated by the 
Cdc28 protein kinase (Fig. 1B). The extent 
of phosphorylation of wild-type Cln2 is 
comparable to that of Cln2Axs in a cdc28 
temperature-sensitive mutant. 

Cln2 contains seven sites conforming to 
the minimal CDK consensus, SP or TP (Fig. 
2A) (1 1). Only one of those, at position 
405 (TPMR), conforms to a full CDK con- 
sensus site (S  or TPXK or R, where X is any 
amino acid). The relative abundance of SP 
and TP sites is consistent both with the 
number of lower mobility species of Cln2 
and with the extent of mobility shift asso- 
ciated with phosphorylation (Fig. 1). All 
seven putative serine or threonine phos- 
phoacceptor sites (Fig. 2A) were mutated to 
alanine. This mutant gene (referred to as 
CLN24T3S) was able to complement the cell 
cycle defect of a strain deficient in all three 
CLN genes when introduced in a single 
copy under control of the wild-type CLN2 
promoter. Thus, Cln24T3S could perform its 
essential in vivo function. 

However, the mutated gene conferred a 
number of phenotypes consistent with hy- 
peractivation or hyperaccumulation of Cln2. 
These included (i) a decrease in the cell size 
distribution of an asynchronous population 
(Fig. 2B) as well as a decrease in the mini- 
mum size required for budding (12), (ii) a 
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decrease in the proportion of GI cells in an 
asynchronous population as judged by a de- 
crease in both unbudded cells (12) or cells 
with a 1N DNA content (Fig. 2C), (iii) 
failure to undergo a stable GI phase cell 
cycle arrest in response to mating phero- 
mone (Fig. 2D), and (iv) a failure to arrest 
homogeneously in G, in response to nitro- 
gen starvation (1 2). Furthermore, the mu- 
tant gene is dominant because the same phe- 
notypes were observed when the CLN24T3S 
gene was introduced (in a single copy) into 
otherwise wild-type cells (Fig. 2, C and D). 
This behavior is consistent with that of dom- 
inant mutants of CLN2 in which the 
COOH-terminal portion of the CLN2 open 
reading frame, which includes the PEST se- 
quences, is eliminated (9, 12). 

To establish the source of these defects 
in cell cycle regulation, we biochemically 
analvzed strains exmessinn the Cln24T3S 

L, 

polypeptide. Mutant polypeptides that were 
either tagged at their COOH-terminus with 
the hemagglutinin (HA) epitope or un- 
tagged accumulated larger steady-state 
amounts than did the comparably expressed 
wild-type protein (Fig. 3A) (12), which 
suggests that they were stabilized. The ap- 
pearance of species of Cln2 with lower mo- 
bility was completely eliminated by the mu- 
tations (Fig. 3A). The extent of incorpora- 
tion of in vivo [32P]orthophosphate into the 
mutant protein was also greatly reduced 
relative to that in the wild-type Cln2 pro- 
tein (Fig. 3B). Thus, we assume that the 
mutations in Cln24T3S eliminate sites of in 
vivo phosphorylation. 

Consistent with the increase in its 
steady-state amount, the Cln24T3S polypep- 
tide was stabilized relative to wild-type 
Cln2. Hemagglutinin-tagged mutant br 
wild-type genes were placed under control 
of the galactose-inducible GAL1 promoter 
on a centromeric plasmid. Expression of 
CLNZ was transiently induced in the wild- 
type yeast strains and Cln2 protein abun- 
dance monitored by quantitative immuno- 
blotting for 120 rnin after repression of the 
GAL1 promoter. The half-life of the 
Cln24T3S polypeptide is 60 2 5 min, where- 
as that of the wild-type Cln2 protein is 8 +- 
2.5 rnin (Fig. 4A). This difference is appar- 
ently not an effect of expression from the 
GAL1 promoter because similar values were 
obtained by 35S labeling of wild-type Cln2 
and Cln24T3S expressed from a single-copy 
gene under control of the wild-type CLNZ 
promoter (12). Furthermore, the loss of 
modified species and the stabilization of the 
Cln24T3S protein did not result from the 
failure of Cln24T3S protein to bind and ac- 
tivate Cdc28. Consistent with its capacity 
to complement a mutant deficient in CLN 
function, the Cln24T3S protein bound to 
Cdc28 and activated its protein kinase ac- 
tivity (Fig. 3C). In contrast, the Cln2Axs 

polypeptide neither bound nor activated 
Cdc28. We conclude that the lack of Cln2 
protein modification and Cln2's stabiliza- 
tion are the result of the elimination of in 
vivo sites for phosphorylation by Cdc28. 

The extent to which Cln24T3S is stabi- 
lized appears inconsistent with the stabiliza- 
tion associated with inactivation of Cdc28 

by temperature-sensitive mutations (4, 12, 
13). Furthermore, the Cln2Axs protein is 
only about twofold more stable than wild- 
type Cln2 despite its inability to bind Cdc28 
and to become phosphorylated. Both of 
these results could be explained if Cln2 that 
fails to bind Cdc28 is degraded by a mech- 
anism that is independent of phosphoryl- 

Fig. 3. Increased accumulation V] V] i? i? 
and decreased phosphorylation of A 
Cln24T3S. (A) Steady-state amount $ 5  2 5  B 

d d  d d  ‘,, 8 100 of Cln2. Extracts of CLN-deficient 
cells containing a single copy of ei- 
ther CLN2 or CLNPT3S under con- C l n 2 [ I  2 4 5  " 
trol of the CLN2 promoter were d s d  5 50 

separated by SDS-PAGE and blot- 
ted to polyvinylidene fluoride rnem- Cdc28 - 
branes. Membranes were probed E ~ ~ ~ ~ ~ ~ ~ : ~  - 30x c 0 1.. 
with antiserum to Cln2 (upper pan- CLNZ: wt 4T3S 

el) or Cdc28 (lower panel),. and the 
relative time of exposure is indicat- Extract lmmunoprecipitation 

ed. (B) Cln2 phosphorylatim. Ex- 
" 0) Y) 

C C 
tracts of strains expressing CLN2 - 2 9 P a  3 5 3  (lane I), cln2Ax.s (lane 2), or 
CLNPm (lane 3) from the GALl 

d $ 5  d d 5  
pmmter, each tagged with the HA 'In2 [ wl F] AntiCIn2 
epitope, were immunoprecipitated 
with monoclonal antibodies to HA. Cdc28 - v1 [ 1 Anti-Cdc28 
The resulting Cln2-Cdc28 immune 
complexes were incubated with vl~!z I+ [T-~~P]ATP (26) for 30 rnin at 30"C, 
separated by SDS-PAGE, and vi- 
sualized by autoradiography (left). Quantitation of 32P incorporation was done with a Phosphorlmager (right) 
and is presented as a percent of that in the wild type. In vivo incorporation of 32P into Cln2 and c l 1 - 1 2 ~ ~ ~  is 
also presented. Bars are as in Fig. 1 B. (C) Binding and activation of Cdc28 kinase by cl1-12~~~~.  Proteins from 
extracts of strains expressing wild-type CLN2, CLNPm, or cln2hxs. each canying the HA epitope, were 
immunoblotted with monoclonal antibod'i to HAor antiserum to Cdc28 (left) or were immunoprecipitated 
with monoclonal antibodies to HA (riaht). The resultina irnmuno~reci~itates were either immunoblotted with 
antiserum to Cln2 or Cdc28 (up$;&o right panei) or assayed for histone HI kinas activlty (26) with 
[T-~~P]ATP and then analyzed by SDS-PAGE and autoradiography (lower right panel). 

Fig. 4. Stability of Cln2 mu- 
tant proteins. (A) lncreased 
stability of C l r -12~~~~ .  Wild- 
type CLN2 or the CUV24T3S 
allele, both under control of 
the GALl promoter and 
containing the HA epitope 
tag, were expressed for 40 
min and then repressed by 
addition of glucose. Extracts 
prepared from samples tak- 
en at the indicated times 
were analyzed by SDS- 
PAGE and immunoblotting 
with monoclonal antibodies 
to HA or antiserum to 
Cdc28. Abundance of Cln2 
protein was determined by 
densitometric analysis of the 
Cln2 band compared with 
serial dilutions of a Cln2 stan- 
dard (right). (B) Decreased 
stability of a version of 
Cln24Ts (C ln2Ax~~~~~)  (32) 
having a deletion of its cy- 
clin box. Protein stability of 
Cln2, Cln24T3S, Cln2Axs, or 
C l n 2 A ~ s ~ ~ ~ ~  was analyzed as 

Time after addition 
of glucose (rnin) 

A 

l ime after addition 
- of glucose (min) 

described above (right). 

l i m e  after addition of 
glucose (min) 

Time (rnin) 
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ation because Cln2 binds Cdc28 less effec- 
tively in a temperature-se~~sitive cdc28 mu- 
tant at the  restrictive tenlperature (12).  T o  
test this hypothesis, \ve constructed a \.er- 
sion of Cl112'~'"Cln2Axs~~~') having the  
same deletion within the cyclin box as 
Cln2Axs anii evaluated its stability (Fig. 
4B). As predicted, this mutant protein was 
degraded with kinetics similar to those of 
Cln2Axs, having a half-life of only - 18 lnin 
(relative to 60 lnin for Cl112'~~' and 8 inin 
for wild-type Cl112). Thus, it appears that 
degradation of Cln2 that fails to  bind Cdc28 
does not depend on phosphorylation. 

Because it remamed possible that any one 
of the SP  or T P  sltes xvas alone responsible for 
the stabilization of Cl112"~" the serine or 
threonine residue of each of the seven puta- 
tive phosphorylation sites was changed inde- 
pendently to alanine. The  resulting mutant 
genes were introduced lnto wild-tvae or CLN- , 
ieficient cells in a single copy under control 
of the CLN2 promoter and evaluateii both for 
function and stability (Table 1). Each of the , , 

mutant CLN2 genes Lvas fillly f~~nctional,  as 
judged by their ability to co~nple~nent  the 
inviability of a strain deficient in functional 
CLN genes (clnl Acln2Acln3AGALl ::CLN3). 
When compared to cells transforlned with a 
wild-type CLN2 gene, none of the cells res- 
cued by single-site lnutants had an altered 
phenotype. 

T o  evaluate the  effect of these mutations 
o n  protein stability, we analyzed the  accu- 
rnulation of Cln2 protein by immunoblot- 
ting extracts from asynchronous cultures of 
strains carrying the  individual inutant 
CLN2 alleles as the  only CLN2 gene. Only 
the  S396A and S427A mutations 11 1 )  re- , , 

sulteil in detectable h y p e r a c c ~ ~ i l a t i o  of 
Cln2 protein (Table 1)  ( 1  2).  T o  analyze the  
half-life of C~II~"~""" and Cl112~'"". we 
transiently expressed HA-tagged mutant or 
wild-type genes fro111 the GAL1 promoter 
and tracked the  abundance of the  Cln2 
protein for 60 min. These mutations caused 

Table 1. Analysis of CLN2 mutants. The half-life 
of Cln2 was determned by denstometric analy- 
sis. ND, not determined; wt, wild type. 

Genotype Proten steady- Cn2 half-fe 
state level (m I n) 

Wlld type 
731 1A 
T381A 
T405A 
T430A 
S396A 
S42 7A 
S5 18A 
5'396 427A 
4 T3S 
1376-514 
I x s  
Ixs4T3S 

a loss of the  species of lowest mobility, 
which is consistent with the  loss of sites of 
in viva phosphorylation (12).  T h e  half-life 
of each mutant protein was increased, fro111 
8 -C 2.5 lnin for the wild-type Cln2 to 11 -C 
3 lnin for C ~ I I ~ ~ ' " "  aand 21 -+ 2 min for 
Cln2""" (Table 1 )  (12).  Thus, it appeareci 
that phosphorylation at either of these sites 
could contribute to the  destabilization of 
Cln2. A l a ~ ~ i n e  substitutions a t  both Ser3"" 
and Ser4" (C~II~"~"~"')  resulted in an  
increase in the  half-life of the Cln2 protein 
to  -30 inin, about half of the stahilization 
resulting fro111 the  elinlillation of all seven 
S P  and T P  sites (Table 1 )  (12).  Thus, 
whereas n o  single site was sufficient to ac- 
count for the  stabilization associated with 
the Cln24T3" mutant, some snlaller constel- 
lation of sites may be sufficient. 

Both Ser3" aand Ser4" reside 111 the 
COOH-terminus of Cln2,  but only Seri"" 
lies w ~ t h i n  the  Cln2 PEST s e q ~ ~ e n c e .  Mu- 
tations outside the  PEST sequence are re- 
sponsible for at least soine of the  stability of 
Cln24T'"1 2) .  This is consistent with the  
finding that eli~nination of the  PEST se- 
quence of Cln2 fails to  stabilize Cln2 to the  
degree observed with the  mutant 
(4) .  It is possible that the relevant aspect of 
PEST sequences is their richness in CIIK 
target sites rather than their PEST amino 
acids per se. 

Our  results ilelno~lstrate that phospho- 
rylation of Cln2 provides a signal that is 
necessary for its rapid degradation. Howel,- 
er, phosphorylation is of little importance 
either in terms of its ability to  bind and 
activate the  Cdc28 protein kinase or to 
perform its requisite cell cycle functions. 
T h e  presence of specific phosphorylated 
residues may be required for recognition of 
G, cyclins by the  protein degradation ma- 
chinery responsible for their degradation. 
T h e  elenlents responsible for that recogni- 
tion are unkno\vn. Experiments performed 
in vitro suggest that Cln2 is a substrate for 
the  E2 ubiquitin-conjugati~lg enzyme en- 
coded by the  CDC34 gene (1 3 ,  14) ,  but 
inactivation of CDC34 has been reuorted 
to result in  only rnodest stabilization of 
Cln2 in vivo ( 4 ,  12,  13).  Thus, although it 
appears likely that Cln2 degradation is me- 
diated by the  uhiquitin-proteasome path- 
way, this has vet to  be demonstrated in 
vi&. I n  contras; to  Cln2, the  6-type cyclins 
require phosphorylation for some aspects of 
their biological f~lnct ion (15)  but not for 
activation of their cognate CDK or for their 
timely degradation (1 6) .  

Our  results are most consistent with the  
1,ie~v that Cdc28 is the  primary kinase that 
phosphorylates Cln2. W e  have not excluil- 
ed the  possibility that Cln2-Cdc28 c o n -  
plexes might be substrates for another pro- 
tein kinase. However, a direct role for 
Cdc28 is supported by the  observation that 

Cln2 participating in a complex wit11 cata- 
lytically inactive Cdc28 becomes phospho- 
rylated in cells that also contain f ~ ~ n c t i o n a l  
Cdc28 hut not in cella where Ccic28 is 
inactive (1 7). Cln2 also acts as a substrate 
of the  Cln2-Cdc28 protein kinase in vitro 
(Fig. 3 6 )  (18).  Targeting Cln2 for degrada- 
tion by ineans of phosphorylation by its 
cognate CDK provides a mechanism by 
which activation of the  Cdc28 CDK by 
Cln2 could target that c~:clin for deerada- 
tion, thus rendaring it ;elf-limiting.L This 
result, in conlunction with the repression of 
CLN2 gene exuression that occurs as a con- 
seiluence of cell cycle progressloll (19),  
could account for the  inacti\,atic>n of G ,  
cyclins as cells leave the  G,  phase. 
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Control of the Gene optomotor-blind in 
Drosophila Wing   eve lop men t by 

decapentaplegic and wingless 
Stefan Grimm and Gert 0. Pflugfelder* 

Diffusible factors of several protein families control appendage outgrowth and patterning 
in both insects and vertebrates. In Drosophila wing development, the gene decapen- 
taplegic (dpp) is expressed along the anteroposterior compartment boundary. Early wing- 
less (wg) expression is involved in setting up the dorsoventral boundary. Interaction 
between dpp- and wg-expressing cells promotes appendage outgrowth. Here, it is shown 
that optomotor-blind (omb) expression is required for distal wing development and is 
controlled by both dpp and wg. Ectopic omb expression can lead to the growth of 
additional wings. Thus, omb is essential for wing development and is controlled by two 
signaling pathways. 

Appendage development in both insects 
(1-10) and vertebrates (1 1) is controlled by 
conserved diffusible proteins. In Drosophila, 
the wing primordium is divided into com- 
partments by the stable inheritance of se- 
lector gene activity (1 2). Appendage devel- 
opment requires the interaction between 
cells across compartment boundaries. In the 
wing disc, diffusing HEDGEHOG (HH)  
protein, synthesized in the posterior com- 
partment under the control of one or more 
posterior selector genes, directs dpp expres- 
sion in the anterior compartment along the 
anteroposterior (a-p) boundary (5, 12). 
DPP is required for patterning on  both sides 
of the a-p boundary (10). Similarly, the 
dorsal selector gene apterous (up) promotes 
the synthesis of the diffusible protein 
FRINGE (13). Early wg expression is re- 
quired for establishing the dorsoventral (d- 

v )  boundarv (2. 3 ) .  Interaction between wp- , . ,  , " 

and dpp-expressing cells promotes the de- 
velopment of the proximodistal (p-d) axis 
(4-8). The presumptive transcription fac- 
tor OMB plays a critical role in the devel- 
oDment of the o ~ t i c  lobes. but it is also 
essential for the development of the distal 
wing disc (14). We investigated the func- 
tion of omb in wing development and ana- 
lyzed its relation to dpp and wg. 

Lethal omb mutants that survived to the 
pharate adult stage had severely reduced 
wings (Fig. 1B). The hypomorphic allele bifid 
[ombhi, (14)] caused the proximal fusion of 
all longitudinal veins and led to variable 
defects at the distal tip of the wing (Fig. 1C). 
Defects in both regions of the wing blade 
were enhanced b y  omb null allel& (Fig. 
1D) and, dominantly, by mutations in 
genes required for d-v and a-p patterning 

Fig. 1. W~ng phenotypes of 
omb alleles and their genetic 
interactions with d-v and a-p 
wing patterning genes. (A) 
Pattern elements in the w~ld- 
type wing. The longitudinal 
veins 1 through 5 are num- 
bered where they intersect 
the wing margln. Tr~ple (tr) and 
double row (dr) are swecializa- 
tions of the king margin. The 
arrow and arrowhead mnt  to 
anterior (costa) and posterior 
(alula) elements, respect~vely. 
(B) Wing from a / (7 )0mb~ '~~  
(14) pharate adult. The proxl- 
ma1 elements costa (arrow) 
and alula (arrowhead) are 
marked. (C) Wing of hypo- 
morphic ombb' allele (14). All 
lonaitudinal veins are fused at - 
the base of the wing (arrow). 
Distal defects (arrowhead) are 
variable and temperature:de- 
pendent. (D) The bifid phenotype is enhanced in combination with all extant lethal omb alleles [here, transhet- 
erozygote ombb'//(1)omb3198]. (E and F) Dominant enhancement of the ombb phenotype in ombb'/Y; 
(E) and omM'/Y; dppd8/+ (F) individuals. The scale bar in (F) (which applies to all panels) represents 0.5 mm. 
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