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the type 5  suppressor  indicated the presence of a 
degenerate  seventh cdclO/SWI6 repeat  that  had  not 
been reported earlier  (Figure 4). Inspection of the lin- 
I2 amino acid sequence  revealed that it too contains 
a loosely conserved seventh cdclO/SWIb repeat  [amino 
acids 1267-1 299 (YOCHEM, WESTON and  GREENWALD 
1988)l.  In  general,  the  intragenic  revertants do not 
seem to make their respective repeats  more like the 
fourth  repeat,  where  the two glp-l(ts) mutations are 
found. The lone exception is the type 4 substitution; 
Asp (D) is present at this location in the  fourth  repeat 
(Figure 4). Four of the  amino acid substitutions  occur 
within a  stretch of 15  amino acids spanning the sixth 
and seventh cdclO/SWI6 repeais;  a  fifth  substitution is 
located in the  third  repeat  (Figures 3 and 4). Interest- 
ingly, the type 2 suppressor places Asn (N) in the sixth 
repeat at the  corresponding position also occupied by 
Asn  in the second and fifth  repeats  (Figure 4). Like- 
wise, the type 4 suppressor places Asp (D) in the sixth 
repeat in the  corresponding position also occupied by 
Asp  in the  fourth  and fifth  repeats  (Figure 4). 

Further  characterization of gZpI suppression: Is 
there a  correlation between suppressor  strength and 
the type of substitution? T o  determine  the  strength 
of each suppressor, we quantified the average  brood 
size  of glp-l(ts) hermaphrodites  carrying each sup- 
pressor. Brood size is an  indirect  measure of the  extent 
of germline  proliferation.  In  addition, we assayed the 
degree of embryonic viability by determining  the  per- 
cent of progeny  that  hatch and reach  adulthood. 

Efjciency of suppression of the glp-l(ts) germline  phe- 
notype: Originally, each suppressor was tested  for  dom- 
inance at  20" in heterozygotes  where the suppressor 
was donated by the  father  (Table  5). T o  determine 
whether there was a  maternal  component to  the 
suppression, a subset of eight  dominant  suppressors 
representing  the  range of suppressor efficiencies also 
were characterized as heterozygotes with the suppres- 
sor donated by the  mother. No substantial maternal 
effect was observed  (Table  5).  Subsequently,  strains 
homozygous for  both glp-l(ts) and a  dominant sup- 
pressor were characterized at  15", 20" and  25" 
(Table  6). 

Germline  proliferation varies slightly (<2-fold) in 
glp-l(ts) strains that  are heterozygous  for  different 
dominant suppressors regardless of  which parent  con- 
tributes  the  suppressor. At Z O O ,  some heterozygous 
suppressor  strains (e .g . ,   q277)  produce  a  brood close 
to wild type (-300 progeny) while other heterozygous 
strains (e .g . ,   q335)  produce  a  brood  that is -50% of 
wild type (Table  5).  However,  dominant  suppressors 
share some common characteristics. First, each one is 
incompletely penetrant; some Glp animals are ob- 
served in each dominant  suppressor  strain if raised at 
sufficiently high temperature  (data  not shown). Sec- 
ond, each dominant  suppressor is less effective at  the 

more  stringent  25"  than  at  an  intermediate tempera- 
ture of 20"  (Table  6).  Third, those suppressors that 
do not  restore  brood sizes to approximately wild-type 
levels as heterozygotes at 20 O are  more effective when 
present in two copies (Tables  5  and  6). 

Efficiency of suppression of the glp-l(ts) embryonic phe- 
notype: Progeny viability varies widely at 25 " in strains 
carrying  different  dominant suppressors (Table  6). 
Viability is always lower at  25"  than  at  20", where 
hatching generally is restored to  at least 98%. Among 
inviable progeny, most (-80%)  die as embryos,  but 
some (-20%)  die as newly hatched Lls (data  not 
shown). In  general,  the  extent of suppression of the 
embryonic lethality by any given dominant  suppressor 
correlates with the  extent of suppression of the  germ- 
line defect. 

Comparison of suppression  strength  with  suppressor 
type: The five different  suppressor types vary <2-fold 
with respect to their  dominant suppression of both 
glp-l(ts) alleles at  20"  (Table  5).  Furthermore, even 
when homozygous the various suppressor types are 
very similar in their effectiveness at  15 " and  20" 
(Table 6). 

The situation at  25", however, is quite  different. 
For  example, the type 5 substitution is a much more 
effective suppressor of the germline  phenotype of a 
given glp-l(ts) allele than  are types 2 and 3 (Table  6). 
In  addition,  there  are substantial differences in 
suppression of the germline  phenotype of the two glp- 
I(ts) alleles by a given dominant  suppressor, e.g., type 
4 suppresses glp-I(q23I) much  better  than glp-I(q224) 
(Table 6). 
Do gZp-I intragenic  revertants  bypass  the  require- 

ment for a  distal tip cell? Mitotic proliferation of the 
germ line in wild-type nematodes  requires  the distal 
tip cell, a somatic cell located at  the distal end of the 
gonad (KIMBLE and WHITE 198 1). One possible model 
for  control of germline  proliferation is that  a signal 
produced by the distal tip cell is received and  trans- 
duced by GLP-1 to stimulate mitosis and/or  to inhibit 
meiosis  in the distal region of the  germ line. Intragenic 
revertants  that cause constitutive activity of GLP-1 
(i.e.,  gain-of-function mutation) might render  the pu- 
tative distal tip cell signal unnecessary. T o  test 
whether any of the intragenic  revertants have this 
effect, the distal tip cell was ablated in one gonad  arm 
of developing hermaphrodite  larvae,  and subsequent 
germline  development was observed. The unoperated 
gonad arm in each animal served as an  internal con- 
trol. 

We ablated distal tip cells  in animals carrying one 
of 14 intragenic  revertants (all but q246,  q278,  q334 
and q337) .  Because they could  not  be  separated  from 
glp-l(ts), the  dominant suppressors were  examined in 
a glp-l(ts) background.  Germline  proliferation was 
assayed by counting  the  number of germline nuclei 
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FIGURE 4,”Alignment of cdclO/SWI6 repeats in GLP-I and location of glp-l(ts)  dominant suppressor mutations. The six previously 
described cdclOISWI6 repeats and a loosely conserved seventh repeat are aligned as  in KODOYIANNI, MAINE and KIMBLE (1992). Numbers in 
parentheses to the left of each repeat  refer to  the location of the first amino acid in the  repeat within GLP-1 [amino acid positions from 
YOCHEM and GREENWALD (1989)l. Boxed amino acids are found at a given position in at least three repeats. Amino acid substitutions 
are indicated by shadowed letters: glp-l(ts)  mutations (KODOYIANNI, MAINE and KIMBLE 1992) are indicated with asterisks above the wild- 
type amino acids and dominant suppressor mutations are indicated with arrowheads below the wild-type amino acids. See also Table  4  and 
Figure 3. 

before  and  after distal tip cell ablation.  In each case, 
germline  proliferation in the  operated  gonad  arm 
stopped after ablation of its distal tip cell while prolif- 
eration  continued in the intact  gonad arm  (data not 
shown). Hence,  none of the tested  intragenic  rever- 
tants bypasses the  requirement  for  a distal tip cell  in 
the process of germline mitosis. 

DISCUSSION 

We have described 17 intragenic  dominant sup- 
pressors of two temperature-sensitive glp-1 alleles. 
Remarkably, all  of the suppressors are single amino 
acid substitutions within the cdclO/SWI6 region of the 
putative  intracellular  domain of GLP-1 (Table 4; Fig- 
ures  3 and 4). Thirteen suppressor  mutations are 
tightly clustered at  three sites within a  15-amino acid 
region  spanning the sixth and seventh cdclO/SWIG 
repeats;  four other suppressor  mutations are located 
at a single site in the  third  repeat. The observation 
that  17  dominant  suppressors of glp-1 are intragenic 
revertants in the cdclO/SWIG region  combined with 
the presence of five glp-l(ts) missense mutations in this 
same domain (KODOYIANNI, MAINE and KIMBLE 1992) 
provides  striking  evidence of the  importance of cdclO/ 
SWI6 repeats  for  GLP-1  function. 

Though we do not know the function of the cdclO/ 
SWI6 repeats in GLP-1,  data  from other proteins 
carrying  these  repeats clearly suggest they play a  role 
in highly specific protein-protein  interactions. Dele- 
tion analysis and site-directed mutagenesis of cdclO/ 
SWI6 repeats  from  human  erythrocyte  ankyrin (DAVIS 
and BENNETT 1990; DAVIS, OTTO and BENNETT 
1991),  rat GABPP (THOMPSON, BROWN and Mc- 

KNIGHT 199 l), and several members of the  IKB family 
[i .e. ,  chicken pp4O/I KBP (INOUE et  al. 1992),  human 
Bcl-3 (BOURS et  al. 1993;  WULCZYN, NAUMANN and 
SCHEIDEREIT 1992), human NF-KB p105  and  I&/ 
MAD-3 (HATADA, NAUMANN and SCHEIDEREIT 1993), 
Drosophila cactus (KIDD 1992)] have shown that this 
motif mediates direct  protein-protein  contacts with 
distinct target  proteins. These proteins  perform  a 
variety of functions:  ankyrin is a cytoskeletal protein, 
GABPP is a  subunit of a  transcription  factor and IKB- 
related  proteins  prevent  nuclear translocation of re l -  
related  transcription factors. Several of the  approx- 
imately 30  amino acids in each repeat  are highly 
conserved within and between proteins; however, 
most of the residues are highly variable (MICHAELY 
and BENNETT 1992;  BLANK, KOURILSKY and ISRAEL 
1992). This variability suggests that the consensus 
amino acids in the cdclO/SWIb motif form a basic 
framework conducive to protein-protein contacts and 
that  the variable residues confer distinct functional 
identities  upon each repeat. For example, only two of 
the 22  repeats  present in ankyrin are necessary, al- 
though  not sufficient, for  binding to  the anion ex- 
changer while tubulin is able to interact with  many 
repeats  that do not  bind to  the anion  exchanger 
(DAVIS, OTTO and BENNETT 1991). While individual 
cdclO/SWIG repeats  can  interact with  very  specific 
target  proteins, the  repeats in general recognize a 
diverse group of target  proteins  that  appears to lack 
a  conserved  recognition  sequence (MICHAELY and 
BENNETT 1992).  For  example,  the  anion  exchanger 
and  GABPa, which binds to GABPP, share little se- 
quence similarity and seem to have very different 
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recognition domains (MICHAELY and BENNETT 1992). 
In light of these findings from  other systems, it is 
likely that  the cdclO/SWIb domain in GLP-1 mediates 
interaction with an as yet unidentified  protein  (or 
proteins)  that may be  a  component of the GLP-1 
mediated signalling pathway. 

There  are several possible mechanisms by which 
glp-1 dominant suppressors might  restore  GLP-1  func- 
tion. First, the  dominant  supressor  mutations may 
change  the functional identity of the cdclO/SWIG re- 
peats in  which they are located. The amino acid 
substitutions in glp-l(q224) and glp-l(q231) may  dis- 
rupt contact between a specific repeat  and  a  putative 
target  protein. Such an effect has been demonstrated 
by site-directed mutagenesis of the cdclOISWI6 re- 
peats in pp40/l~BP which abolished direct association 
with the re1 gene  product  (INOUE et al. 1992). The  
suppressor mutations located in the  third, sixth and 
seventh repeats may  allow these  repeats to substitute 
for the normal  function of the  fourth  repeat, i.e., they 
may interact with a  target  protein  that normally binds 
to  the  fourth  repeat.  Second, if the  target  protein 
interacts with more  than  one  repeat [as the  targets of 
ankyrin, GABPP, and 1 KB-related proteins  apparently 
do (INOUE et al. 1992; BOURS et al. 1993;  WULCZYN, 
NAUMANN and SCHEIDEREIT 1992; KIDD 1992;  HA- 
TADA, NAUMANN  and SCHEIDEREIT 1993)],  then  re- 
peats  containing  a  suppressor  mutation may have in- 
creased affinity for  the  target  thereby stabilizing the 
interaction between the  fourth  repeat  and  the  target. 
Third, the  dominant  suppressors may restore  and 
stabilize proper folding of the cdclOISWI6 domain 
disrupted by the glp-l(ts) mutations.  Such misfolding 
could directly inhibit GLP-1  function or could desta- 
bilize the  protein so that it is more easily degraded. 
In  ankyrin,  deletion of some of the 22  repeats  alters 
the  structure of the remaining  repeats as monitored 
by circular dichroism spectra  (DAVIS,  OTTO and BEN- 
NETT 1991) so interactions between cdclOISWI6 re- 
peats within a  protein  appear to be necessary for 
correct folding. In  addition, MICHAELY and BENNETT 
(1992) have recently proposed  a structure for cdclO/ 
SWI6 repeats in  which extensive contacts  between 
repeats stabilize the  structure of the  domain.  Intra- 
genic suppression by restoration of structural stability 
has been proposed for mutations  affecting StuphyZo- 
coccus aureus nuclease (SHORTLE and LIN 1985)  and 
bacteriophage  P22  gene 9 tailspike protein (MAUR- 
IDES, SCHWARZ  and BERGET 1990).  Furthermore, it is 
possible that the various suppressor types do not  act 
in the same fashion. 

Can the  intragenic  revertants reported  here sup- 
press other glp-1 mutations in the cdclO/SWIG region? 
Since at least three classes  of revertants  suppress two 
different glp-l(ts) lesions  in this domain (Table 4) and 
since the  revertants may suppress by stabilizing or 

strengthening  interactions with a  target  protein (see 
above), we think it is possible that they would suppress 
the  other  three known mutations in this region (KO- 
DOYIANNI, MAINE and KIMBLE 1992).  This  phenome- 
non of “global”  suppression, in  which a given intra- 
genic  revertant suppresses multiple  different alleles, 
has been reported for mutations  affecting 5’. uureus 
nuclease (SHORTLE and LIN 1985)  and E.  coli trp 
repressor (KLIG, OXENDER  and YANOFSKY 1988). 
While the mechanism of global suppression in these 
cases is not known, it may involve increased confor- 
mational stability of the protein (SHORTLE and LIN 
1985). 

Although we have not genetically separated  the 
suppressor and glp-l(ts) mutations, we can draw some 
tentative conclusions about  the effect of the suppres- 
sors on g1p-1 function. Since germline  proliferation in 
dominant  suppressor  strains is dependent upon the 
distal tip cell and since glp-l(ts) sup(x)/++ strains  gen- 
erated  during mapping of the suppressors lack an 
obvious phenotype  (data  not shown), the suppressors 
alone are unlikely to be strong gain-of-function mu- 
tations, assuming glp-1 acts downstream of the distal 
tip cell. Nevertheless, the intragenic  revertants could 
be weak gain-of-function alleles by themselves if they 
increase the  strength of the interaction between GLP- 
1 and  the putative  target  protein.  For  instance,  amino 
acid substitutions  found in intragenic  revertants of E.  
coli trp repressor  mutations cause increased repressor 
function when they are present in an otherwise wild- 
type protein (KLIG, OXENDER  and YANOFSKY 1988). 
In  addition,  the  intragenic glp-1 suppressors are prob- 
ably not  strong loss-of-function mutations. At 15”,  
glp-l(q224) and glp-l(q231) have moderate levels of 
glp-1 function, as measured by brood size and embry- 
onic viability (Table 6). In general,  strains  carrying  a 
dominant  suppressor and glp-l(ts) have larger  broods 
and higher  embryonic viability than those with the 
glp-l(ts) mutations  alone  (Table 6). Therefore,  the 
suppressor  mutations do not  exacerbate  the Glp phe- 
notype at  15 O , but instead they continue to suppress 
it. 

It is not obvious why dominant suppressors of glp- 
l(q231) were  recovered 10 times more  frequently  than 
suppressors of gl$-l(q224) (Table 2). While there  are 
clearly not 10 times as many sites within glp-1 that can 
be  mutated  to  suppress glp-l(q231) as can suppress 
glp-l(q224), all  five suppressor types reported  here 
were recovered as suppressors of glp-l(q231) while 
only three were recovered as glp-l(q224) suppressors 
(Table 4). The absence of type 1 and 3 suppressors of 
glp-I(q224) could simply be  a statistical artifact. If, 
however, type 1 and type 3 suppressors are specific to 
glp-l(q231) and if these sites are mutagenic  hotspots, 
then this combination of factors may explain the  fre- 
quency difference.  Moreover, we can rule  out  differ- 
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ences in suppression strength as a possible explanation 
because at 20" the  extent of  suppression by a given 
suppressor type is similar for both glp-l(ts) alleles 
(Table 5) .  If  suppression strength were the crucial 
factor determining mutation frequency, we should 
have recovered suppressors of both glp-l(ts) alleles at 
similar frequencies at 20". 

Elucidation  of the function of  cdclO/SWIb repeats 
in GLP-1 and identification of the putative target 
protein(s) with  which  they interact will be  crucial for 
understanding the GLP- 1 mediated signalling path- 
way. Such information is also  likely to be relevant for 
discerning the mechanism  of action of the C.  elegans 
lin-12 gene becauseglp-1 and lin-12 are closely related 
(50-60% amino acid identity) (YOCHEM and GREEN- 
WALD 1989), they are partially  functionally redundant 
(LAMBIE and KIMBLE 1991b),  and  the cdclO/SWI6 
region appears to be important for lin-12 function 
(GREENWALD and SEYDOUX 1990). In  addition,  a de- 
tailed understanding of the function of  cdclO/SWIG 
repeats in GLP-1 may  yield insight into  the mecha- 
nisms by which Notch and related vertebrate proteins 
function. Further support for  the importance of 
cdclOISWI6 repeats in GLP-1 and related proteins is 
provided by the results of  in  vivo expression  of genes 
encoding truncated forms of these proteins consisting 
of portions of the intracellular domain with or without 
the transmembrane domain and  a few amino acids 
from the extracellular domain (ELLISEN et al. 1991 ; 
JHAPPAN et al. 1992; ROBBINS et al. 1992; COFFMAN et 
al. 1993; STRUHL, FITZGERALD and GREENWALD 
1993; ROEHL and KIMBLE 1993; REBAY, FEHON and 
ARTAVANIS-TSAKONAS 1993). glp-1, lin-12, Notch and 
Xotch truncations alter  a variety of  cell fate decisions 
while int-3 and TAN-1 truncations are associated  with 
mammary tumors and  acute T cell  lymphoblastic  leu- 
kemia,  respectively. Although the  truncated genes 
encode flanking amino acids in addition to the cdclO/ 
SWI6 repeats, it seems reasonable to propose that  the 
observed biological effects are mediated by the cdclO/ 
SWI6 repeats. These findings also  suggest that  appar- 
ent uncoupling of extracellular signalling from  the 
cytoplasmic domain of  these proteins, where cdclO/ 
SWI6 repeats are located, has profound effects on cell 
fate specification and cell growth control. In light of 
the role of glp-1 in promoting proliferation of the 
germ line in C.  elegans, the hyperproliferative defects 
associated  with  int-? and TAN-1 are particularly in- 
triguing. 
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