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ABSTRACT 
In the yeast Saccharomyces cerevisiae, riml, 8, 9, or 13 mutations cause four phenotypes: poor growth at 

low temperature,  altered colony morphology, inefficient sporulation due to reduced expression of the 
meiotic activator ZMEl, and, as  shown here, defective invasive growth. In this report, we have determined 
the relationship between RIMl and the other genes, RIM8, 9, and 13, in this group. We have  analyzed 
production of epitope-tagged Rimlp derivatives  with HA epitopes at  the N-terminus or in  the middle 
of the  protein. These Rimlp derivatives  exist  primarily as a small form (90 kD for Riml-HA2p) in wild- 
type  cells and as a large form (98 kD for Riml-HA2p) in rim??, 9, and 13 mutants. We  have also  analyzed 
production of  P-galactosidase  in strains that express a HMl-lacZ fusion gene. P-galactosidase  exists 
primarily as a -130 kD form in wild-type  cells and as a -190 kD form in rim9 mutants. These results 
indicate that Rimlp undergoes  Gterminal proteolytic cleavage, and that rim8, 9, and 13 mutations block 
cleavage. Expression of a Rimlp Gterminal deletion derivative suppresses rim& 9, and 13 mutations. 
Thus  the phenotypes of rim8,  9, and 13 mutants arise from the defect in Rimlp Gterminal cleavage. 
Cleavage  of Rimlp, like that of its Aspergillus nidulans homologue PacC,  is stimulated under alkaline 
growth conditions. Therefore, Rimlp, PacC and their respective processing pathways  may represent a 
conserved signal transduction pathway. 

E NTRY  of yeast  cells into meiosis is restricted to one 
kind of cell, the a / a  cell, and occurs only under 

poor  nutritional  conditions (reviewed in MILLER 1989). 
These  conditions  include absence of a fermentable car- 
bon source, such as glucose, and limitation for  nitrogen 
or other  nutrients. The meiotic program is initiated 
with increased accumulation of the IMEl transcript; the 
ZMEl gene  product activates expression of a large num- 
ber of  early meiotic genes (reviewed by MITCHELL 
1994). 

The mechanisms by which the cell senses and re- 
sponds to nutrient limitation are  unclear. One a p  
proach  to this problem has been  to identify genes that 
govern IMEl expression. Positive regulators of ZMEl 
lie in three pathways (NEIGEBORN and MITCHELL 1991; 
SHAH and CLANCY  1992; SU and MITCHELL 1993a,b). 
One pathway includes ZME4, which is expressed at high- 
est levels in nitrogen-starved a / a  cells (SHAH and 
CLANCY 1992). A second pathway includes MCKl, which 
specifies a serine/threonine/tyrosine-protein kinase 
(DAILEY et al. 1990; NEIGEBORN and MITCHELL 1991; 
SHERO and HIETER 1991).  The  third pathway includes 
four genes: RIMl,  RIM8,  RIM9, and "13, Recessive 
mutations in these RIM genes cause reduced IMEl ex- 
pression, cold-sensitive growth, and altered colony mor- 
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phology (Su and MITCHELL 1993a). The similarity of 
riml, 8, 9, and 13 mutant phenotypes has led to the 
inference  that these RIM gene  products have related 
physiological functions. Analysis  of double  mutants has 
suggested that Rimlp,  8p, 9p, and 13p  act in a distinct 
pathway from Mcklp  and Ime4p: rim mckl and rim ime4 
double  mutants have more severe sporulation defects 
than any of the single mutants, whereas rim rim double 
mutants have defects similar to rim single mutants (SU 
and MITCHELL 1993a,b).  Therefore,  the RIMgene prod- 
ucts may act together in a protein complex or in succes- 
sive steps of a linear pathway. 

RIMl specifies a 628 residue protein with three C2H2 
zinc fingers and a Gterminal acidic region. TILBURN et 
al. (1995) have recently reported  that  the Aspergillus 
PacC protein is homologous to Rimlp over the zinc- 
finger region. Both proteins  are also  of similar size and 
have acidic Gterminal regions. These findings raise the 
possibility that Rimlp  and PacC may act in a conserved 
pathway.  PacC is a downstream component in a pH- 
response pathway,  as indicated by four main observa- 
tions. First,  loss-of-function  pacC defects prevent alka- 
line responses, as do mutations in other  palgenes  (TILE 
URN et al. 1995).  Second, activating p a c e  mutations 
promote alkaline responses in  acid-grown  cells. Third, 
several pal mutations are suppressed by pacCc muta- 
tions. Fourth, PacC  is activated by Gterminal proteo- 
lytic  cleavage in alkaline-grown  cells, and several pal 
mutants  are defective in PacC  cleavage (OREJAS et al. 
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1995). Functional importance of PacC  cleavage is sup- 
ported by the finding  that pacCC alleles encode C-termi- 
nal PacC truncation derivatives. We report  here evi- 
dence  that Rimlp is activated through a similar 
regulatory pathway. 

MATERIALS  AND METHODS 

Strains and media: All Saccharomyces cereuisiae strains are 
derivatives of  SK-1 (KANE and ROTH 1974) and  are listed in 
Table 1. Mutations previously described include wa3,  h2::hisG, 
trpl::hisG, lys2, ho::LYS2 (ALANI et al. 1987), rmelA5::LEU2 
(COvITX et al. 1991), ime2-4-lacZ::LEU2, imel-l3::HZS3 (NEIGE- 
BORN and MITCHELL 1991), ZME~-~-LUCZ-U&~~,  riml-1, rim8-1, 
rim9-1, riml3-1, met4, arg6 (SU and MITCHELL 1993a),  and 
rimlA5:: URA3 (SU and MITCHELL 1993b). Mutations in RIMl 
and RIM9 that were constructed  in this study are listed sepa- 
rately below. Standard recipes were used for SD,  SC,  SC drop- 
out media, 5-FOA plates, WD, WAC, KAc-Xgal, sporulation 
plates, and liquid sporulation medium (SMITH and MITCHELL 
1989; Su and MITCHELL 1993a; KAISER et al. 1994). Media 
were buffered,  where noted  in RESULTS, with 100 mM sodium 
phosphate  at  the indicated pH. Yeast strains were routinely 
grown at 30". Standard  procedures were used for  mating, 
diploid  selection, tetrad analysis, and PCR genotype  determi- 
nations (KAISER et al. 1994). 

rim  mutant phenotypic  tests: rim mutations were routinely 
followed in crosses through two phenotypic tests. First, colony 
morphology was determined by visual inspection. riml, 8, 9, 
and 13 mutants have a smooth colony morphology, whereas 
RIM strains have a rough colony morphology  in the SK-1 
genetic background (Su and MITCHELL 1993a). Second, com- 
plementation of rim mutant testers was determined  through 
ime2-lacZ expression assays. Segregants were mated to a and 
a rim irne2-lacZstrains, diploids were selected on counterselec- 
tive medium  (generally SD +Lys), and ime2-lucZ expression 
was determined after  incubation of diploids for 3 days on 
KAc-Xgal plates (Su and MITCHELL 1993a).  Under these  con- 
ditions, rim/rim diploid  patches  remain white and RIM/rim 
diploid  patches turn blue. The testers were strains AMP1585 
and AMP1586 (rim8), AMP1587 and AMP1588 ( r i d ) ,  and 
AMP1589 and AMP1590 (r iml3) .  ime2-lacZ expression was 
also monitored in haploid a and a strains that carry an rmelA5 
mutation (Su and MITCHEIL 1993a), which relieves cell-type 
control over meiosis and meiotic gene expression (reviewed 
by MITCHE:I.I. 1994). 

To score imel-HIS3 expression,  strains carrying a chromo- 
somal im~l-HZS3 fusion gene  (NEIGEBORN  and MITCHELL 
1991) were grown as patches on medium containing histidine, 
then replica-plated lightly to SC -His and  control SC plates. 
Growth was scored after 2 days. riml, 8, 9, and 13 mutants 
fail to grow on  the SC -His plate under these  conditions. We 
note  that this growth test is independent of RMEl or cell- 
type control (NEIGEBORN and MITCHELL 1991), presumably 
because it monitors basal ZMEl promoter activity. 

To score cold-sensitive growth, strains were streaked for 
single colonies on a W D  plate and  incubated at 17" for 7 
days. riml, 8, 9, and 13 mutants  form  much smaller colonies 
than wild-type strains under these  conditions. 

To score invasive growth,  strains were grown as patches on 
W D  plates for 1 day at 30" and  for 2 more days at room 
temperature. Cells were washed from  the surface of the plate 
under water (BUCKETER et al. 1993) while agitating cells with 
a spreader. This procedure  permitted visualization of cells 
that  had  penetrated  the surface of the agar. riml, 8, 9, and 
13 mutants fail to penetrate  the agar surface. 

RIM1-7::URty mutation: This allele introduces a URA3 
marker linked to a  functional RIMl allele, through integra- 
tion of plasmid pSS253. This plasmid was constructed by liga- 
tion of a 0.55-kb PstI-BglII fragment, including RIM1 se- 
quences  from -531 to codon 6, into plasmidYIp356R (MYERS 
et al. 1986) digested with PstI and BamHI. Integration at RIM/ 
was confirmed by Southern analysis. 

rimlAl2mutation: This unmarked deletion removes RIMl 
codons 7-628 and 800 bp of 3' sequences. The rimlA12 
integrative plasmid pWL28 was constructed as follows. A 2.8- 
kb BglII fragment  that includes the RIM1 gene was deleted 
from plasmid pSS179RIMl (Su and MITCHEIL 1993b) to gen- 
erate plasmid pWL27. The deletion and flanking  sequences 
were then moved as a 3.5-kb SalI-KpnI fragment  from pWL27 
to integrating plasmid pRS306 (SIKORSKI and  HIETER 1989) 
to create pWL28. A RIM1 strain (Kl338) was transformed with 
a XhoI digest of pWL28, and  Ura+ transformants were streaked 
on 5-FOA plates to select for loss of the URA3 marker. Pres- 
ence of r imIAl2  was confirmed by riml complementation 
tests and  Southern analysis. 

Epitope-tagged RIMl-HA alleles: Multi-copy plasmids speci- 
fying hemagglutin ( H A )  epitope-tagged RIMl alleles were 
constructed from plasmid pWL32, a derivative of multi-copy 
RIMl plasmid pMCRIMl (Su and MITCHELL 1993b)  in which 
the vector NotI site was destroyed. pWL32 was subjected to 
site-directed mutagenesis to create unique NotI sites following 
RIMl codon 1  (plasmid pWL33), codon 312 (pWL34),  codon 
473 (pWL35), or  codon 613  (pWL36). A NotI fragment from 
the GTEP plasmid (TYERS et al. 1993),  encoding  three HA 
epitopes, was inserted into NotI sites of pWL33, pWL34, 
pWL35, and pWL36 to create pWL39 (RIMl-HAl) ,  pWL40 
("1-HAP), pWL41 (RIMI-HA?), and pWL42 (RIMl-HA4), 
respectively. Insertions and  junction sites were verified by se- 
quencing. This analysis revealed that pWL40 carried  three 
head-to-tail insertions of the GTEP fragment, specifying nine 
HA epitopes. The  other plasmids carried single GTEP frag- 
ment insertions. Each multi-copy RIMI-HA plasmid could 
complement a rim1 mutant strain. 

"1-HA alleles were introduced  into  the genomic RIM1 
locus through cotransformation with 1 pg of TRPl plasmid 
pRS314  (SIKORSKI and  HIETER 1989) and 5 pg of Asp718/ 
SalI digests of HMl-HA plasmids and  into strain W1057 (trpl 
r imlAl2  ime2-lacZ). Trp+ transformants were screened for 
acquisition of Rim+ phenotypes  (expression of ime2-lacZ and 
formation of rough colonies) and  appeared  at a  frequency of 
1 %. Presence of RIMl-HA alleles was confirmed by Southern 
analysis. 

rim8, rim9, and rim13 mutant strains carrying epitope-tagged 
RIMI-HA2 (strains AMP1582,  AMP1584, and AMP1583)  were 
identified among meiotic segregants of crosses between 
AMP1611 (RIMl-HA2) and AMP1579 (rima-/) ,  AMP1580 
( r imPl) ,  and AMP1581 (rim13-1). PCR  analysis distinguished 
RIMI-HA2 (1.3-kb product) from RIMl (1.0-kb product) with 
primers RIMl-PKA2 (5'-CAAAAAGAACTTCTAAGAAAAAG3', 
hybridizing to RIMl codons 251-258) and "1-KNP6 (5'- 
CCCAACATCTCXACGJ', hybridizing to RIMl codons 567- 
562). rim& rim9, and rim13 mutant strains carrying RIMI-HA2- 
531 (strains AMP1597, AMPl598, and AMPl599) were identi- 
fied among meiotic segregants of crosses  between  AMP1593 
(RIM1-HA2-531) and AMP1574 (rim8-l), AMP1595 ( R I " -  
HA2-531) and AMP1596 (rimPlO), and AMP1595 (RZMI-HA2- 
531) and AMP1576 (rim13-I). RIM1-HA2-531 was followed 
through  the associated TRPl marker. Smooth and rough colony 
morphology segregated as a two-gene trait (two  smooth:two 
rough, one smooth:three rough, and zero smooth:four rough 
tetrads). rim HMl-HA2-531 were deduced to be the two Trp+ 
segregantr in NPD (zero smooth:four rough) tetrads. Presence 
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TABLE 1 

Yeast strains 
______ 

Strain  Genotype" Source 

AMP107 
AMP109 
AMP1571 
AMP1572 
AMP1573 
AMP1574 
AMP1575 
AMP1576 
AMP1577 
AMP1578 

AMP1579 
AMP1580 
AMP1581 
AMP1582 
AMP1583 
AMP1584 
AMP1585 
AMP1586 
AMP1587 
AMP1588 
AMP1589 
AMP1590 
AMP1591 
AMP1592 

AMP1593 
AMP1594 
AMP1595 
AMP1596 
AMP1597 
AMP1598 
AMP1599 
AMPl 600 
AMP1601 
AMP1602 
AMP 1603 
AMP1604 
AMPl 605 
AMP1606 
AMP1607 
AMP1608 
AMPl 609 
AMP1610 
AMP1611 
AMPl 686 
AMP1687 
AMP1688 

a RMEl IME2 
a / a  RMEl/RMEI  IME2/IME2 
a his3 argd RMEl  IME2 
a arg6 
a met4 rim9-1 
a rim8-1 arg6 
a met4  rim8-1 
a riml3-1 arg6 met4 
a / a  rimPl/rim9-1  IMEl/imeI-HlS3 met4/MET4 ime2-4-lacZ::LEU2/IME2 his3/his3 ARG6/arg6 
a / a  rimlAI::URA3/rimlAI::URA3 imel-HIS3/IMEl  rmelAS::LEU2/RMEl his3/his3 arg6/ 

ARG6 IME2-5-lacZ::URA3/IME2 
a RIMI-7::URA3 rim8-1 his3 RMEl IME2 
a RIM1-7::URA3 rim9-l RMEl  IME2 
a RIM1-7::URA3 riml3-1 his4 arg6  met4 RMEl IME2 
a RIMl-HA2 rim8-1 argb met4 IME2 
a RIMl-HA2  riml3-I his4 IME2 
a RIMl-HA2 rim9-1 IME2 
a r i d - 1  hisl galSO::LEU2 
a rim8-1 his1 ga18O::LEU2 RMEl 
a rim9-1 hisl ga18O::LEU2 RMEl 
a rim9-l hisl ga18O::LEU2 
a riml3-l hisl 
a riml3-1 hisl ga180::LEU2 R M E I  
a RIMI-HA2  lME2 
a / a  rirn9A2/rim9A2 R h 4 E I / R M E I  argb/ARG6 imel-HIS3/IMEl IME2-5-lacZ::URA3/IME2 

his3/his3 
(Y RIMI-HA2-531  IME2 
a / a  rim9-lO::URA3/RIM9 RMEl/RMEI  IME2/IME2 
a RIMl-HA2-531 
a rim9-lO::URA3 argd 
a RIMI-531::TRPl rim8-I argb 
a RIMI-531::TRPl rim9-lO::URA3 arg6 
a RIMl-531::TRPl  riml3-1 met4 
a RIMl-531::TRPl 
a RIMI-HA2 rim9-IO::URA3 argb 
a RIM-1-HA2 rim8-1 arg6 
a RIMI-HA2  rim131 argb 
a RIMI-HA2 argb 
CY r imIAl2  arg6 
a arg6 his3 
a riml-1  lME2 
a RIMI-HA1 arg6 
a RIMI-HA2 argb 
a RIMI-HA3 arg6 
a RIM-1-HA2 argb IME2 
a RIMI-13-lacZ::URA3 IME2 
a rim9-lO::URA3 argd IME2 
a rim9-lO::URA3 RIMl-l3"lacZ::URA3 IME2 

This lab 
This lab 
This study 
This  lab 
This lab 
This  study 
This  lab 
This  lab 
This lab 
SU and MITCHELL 

(1993b) 
This study 
This study 
This  study 
This  study 
This  study 
This study 
This study 
This study 
This  study 
This study 
This  study 
This study 
This study 
This study 

This study 
This  study 
This  study 
This study 
This study 
This study 
This  study 
This study 
This study 
This study 
This  study 
This study 
This  study 
This  study 
This  study 
This study 
This  study 
This study 
This study 
This study 
This  study 
This study 

"All strains have the  additional markers rmelA5::LEU2, lME2-5-lacZ::URA3, ura3, leu2::hisG, trpl::hisG, lys2 and ho::LYS2, unless 
~______ ~ ~ 

otherwise indicated. 

of rim mutations in strains AMP1597, AMp1598, and AMP1599 1990) from plasmid pWL83, in which RIMI-HA2 on a BgnI- 
was verified in meiotic analysis of crosses to a wild-type strain EcoRVfragment from pWL40 was inserted between the BamHl 
(AMPIO7) by recovery of segregants forming  smooth colonies. and EcoRV sites of pETSb  (Pharmacia). This construct fuses 
Suppression of each rim mutation by RIMI-HA2-531 was con- RIMl-HA2 at  codon 6 to a 12-codon leader. Bacterially pro- 
firmed by meiotic analysis  of crosses to respective rim testers, duced Riml-HA2p was identified by comparison of extracts 
yielding two smooth  Trp-:2  rough Trp' segregation. from  induced  and  uninduced cells. 

RIMl-HA2 was expressed in Escherichia  coli (STUDIER et al. RIMI-lacZ fusion: The RIMI-lad fusion plasmid pWL142 
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was constructed by insertion of BgEI-BamHI fragment from 
plasmid pWL42 into  the BamHI site of  lacZ cI'RA3 plasmid 
YIp356R (MYERS et al. 1986). This insert carries codons 6- 
613 of RIMl and a portion of the triple HA epitope from the 
RIMl-HA4 allele. pWL142  was digested with  XmnI, and singly 
cut partial digestion products were  gel purified for integrative 
transformation. (XmnI cuts once in RIMl sequences and once 
in the vector.) Ura+ transformants were selected, and integra- 
tion at RIMl was confirmed by Southern analysis. The genetic 
designation for these transformants, RIMI-13-hcZ:: URA3, is 
abbreviated as  RIMl-lacZ in  the text of this paper. The trans- 
formant AMP1686 (a RIMl-lacZ) was crossed to strain 
AMP1687 ( a  rimP1O) to obtain meiotic RIM1-hcZ  rim9-10 
segregant AMP1688. 

RIMl 3' deletion derivatives: RIMl deletion derivatives on 
plasmids pKN30,  32, 34,  35,  36, and 39  were generated 
through exonuclease I11 digestion (Promega) of plasmid 
pSS179RIMl (SU and M ~ C H E L L  1993b). Endpoints were de- 
termined by sequence analysis. In the course of these studies, 
we found that  the pKN34 deletion endpoint to be codon 539, 
not codon 531 as reported (Su and MITCHELL 1993b). The 
RIMl-531  plasmids pWL86 and pWL88  were constructed by 
inserting a 2.1-kb  PstI-XhoI fragment from plasmid pSS239- 
CRX (SU and MITCHELL 1993b) between the PstI and XhoI 
sites of  pRS314 and pRS304  (SIKORSKI and HIETER 1989), 
respectively. Resulting plasmids include RIMl 5' sequences 
and coding region through  codon 531; the fusion to vector 
sequences adds Gterminal amino acids RILLEGGPGTSFCSL. 

The chromosomal RIMl-HA2-531 allele was created as fol- 
lows. RIMl-531  plasmid pWL88 was cleaved at a unique Sty1 
site  within RIMl and transformed into strain AMP1591 (RIMI- 
HA2); cleavage  was expected to promote insertion 3'  of the 
"1-HA2 epitope site in the genome. Transformant strain 
AMP1593 had the expected structure from pWL88 integra- 
tion: one copy  of a RIMl-HA2  derivative that terminates at 
codon 531  followed by  pRS304 vector sequences and  one 
copy of wild-type RIMl. The genotype was confirmed by  PCR 
analysis using primer RIM1-PKA2  (5'-CAAAAAGAACTTCTA- 
AGAAAAAC-3') and  an M13 reverse primer  (Stratagene). In- 
tegration at the RIMl locus was confirmed by meiotic segrega- 
tion (eight parental ditype tetrads) from a cross  of strain 
AMP1593 to a rimlA5::URA3 strain. 

Cloning of R.lM9: Diploid strain AMP1577 (rim9-l/nm9-l 
+/iml-HZS3 im2-lacZ/+) was transformed with genomic li- 
braries carried in YCp50  (ROSE et al. 1987), a low  copy number 
URA3bearing  plasmid. Transformants were patched on SC 
-Ura plates, then replica-plated to JSAc-Xgal plates for scor- 
ing ime2-lacZexpression, and SC -His plates for scoring imel- 
HZS3 expression. Purified Lac' His+ transformants were 
checked for plasmid linkage of Ura+, Lac+, and His' phenc- 
types by cocuring and by transformation of isolated plasmids 
into strain AMP1577. A 3kb EcoRI fragment from one comple- 
menting plasmid  (pWL51) was inserted into YIp5  EcoRI site 
to create integrating plasmid pWL48.  pWL48 was transformed 
into a wild-type  RIM9 strain after BglrI  cleavage within the 
insert. The transformant was crossed to a rim9-I strain and 
24 meiotic tetrads analyzed indicated tight linkage between 
RIM9 and the plasmid URA3 marker (23 PD, ON, 1 T) . 

RIM9 sequence  determination: Initial sequence and s u b  
clone analysis indicated that RIM9  lies  between the NCAl 
gene (PAYNE et al. 1993; ZIAJA et al. 1993) and a putative ARG7 
gene (W. LI and A.  P. MITCHELL, unpublished observations). 
A 1.5-kb Asp718-NszI fragment spanning this region was se- 
quenced with complementary oligonucleotides derived from 
sequence information in GENBANK. 

rim9A2 mutation: This deletion removes  RIM9 codons 1 - 
71 (of the 239 codon open reading frame), RIM9 5' se- 

quences, and part of the adjacent ARG7 gene. The deletion 
was created in plasmid pWL76,  which has a 5kb KpnI-EcoRI 
fragment carrying RIM9  in the integrating URA3 vector 
pRS306  (SIKORSKI and HIETER 1989).  The rim9A2  plasmid 
pWL85 resulted from deletion of a SalI fragment from 
pWL76. Plasmid pWL85  was cleaved at a unique SphI site and 
transformed into haploid strain AMP107. Ura+ transformants 
were then streaked on 5-FOA plates to select for loss of the 
URA3 marker. A Ura- segregant that displayed smooth colony 
morphology and cold-sensitive  growth was confirmed to carry 
rim9A2  by Southern analysis.  Growth  tests confirmed that 
rim9A2  also  causes an arginine  requirement. 

rimPlO::URA3 mutation: This mutation is an insertion of 
URA3 into RIM9 at codon 12. The insertion was created in 
plasmid pWL62,  which has a 2.3-kb SaEI fragment carrying 
RIM9 in vector pRS314  (SIKORSKI and HIETER 1989). The 
rimP10::URA3 plasmid pWL104 resulted from ligation of 
URA3, within a 1.1-kb  SmaI fragment from pSMl46 (provided 
by SUSAN MICHAELIS), into a filled-in NheI site  in  plasmid 
pWL62. A Hind111 digest of  pWL104  was transformed into 
diploid strain AMPlO9, and presence of  rimPIO::URA3  was 
verified among Ura+ transformants by Southern. All 26 
meiotic tetrads from transformant AMP1594  (RlM9/rim9- 
10:: URA3) displayed two smoooth Ura+:two rough Ura- seg- 
regation. Subsequent studies indicated that this mutation 
causes the same defects in invasive growth, low-temperature 
growth, colony morphology, imel-HZS3 expression, im2-lacZ 
expression, and sporulation as the original rim9-1 mutation 
(SU and MITCHELL 1993a; data not shown). 

Immunoblots: Cells from 1 ml  of exponential phase cul- 
ture were pelleted, resuspended in 30  p1 Laemmli buffer, 
boiled for 5 min, and fractionated on a 7% SDSpolyacryl- 
amide gel. Proteins were transfered to a nitrocellulose filter, 
which  was probed with  anti-HA monoclonal ascites fluid 
(12CA5 monoclonal; Babco; dilution) or anti-@-galactosi- 
dase monoclonal antibody (Promega; 0.5 X lo-' dilution) 
and goat anti-mouse IgG conjugated to peroxidase (Boeh- 
ringer Mannheim; dilution), following standard methods 
(BOWDISH et al. 1994). The immunoblot was developed with 
ECL detection reagents (Amersham), following the manufac- 
turer's instructions. 

&galactosidase  assays: Plate assays were conducted on 
KAc-Xgal plates as previously described (SU and MITCHELL 
1993a). Quantitative  @-galactosidase assays  were performed 
on permeabilized cells as previously described (SMITH et al. 
1990). Cells  were shifted from exponential phase in WAC 
to sporulation medium for 8 hr before assays.  All numbers 
reported  are mean averages of determinations with three cul- 
tures. 

RESULTS 

Dependence of haploid  invasive growth on RIM gene 
function: Mutations in the genes RIMl,  RIM8, RIM9, 
and RIM13 cause a  common  set of phenotypes, includ- 
ing  reduced expression of the meiotic activator, IMEl 
(resulting in reduced meiotic gene expression and spor- 
ulation ability), poor growth at low temperatures,  and 
smooth colony morphology in the otherwise rough SK- 
1 strain background (SU and MITCHELL 1993a). GIMENO 
et al. (1992) showed that  certain S. cermisiae strains with 
smooth colony morphology are defective in production 
of aerial psuedohyphae during  nitrogen limitation of 
a/a cells (GIMENO et al. 1992). However, we observed 
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wt rim1 

Before  Wash 
(total growth) 

After Wash 
(invasive  growth) 

FIGURE 1.-Effects of rim],  8, 9, and 13 mutations on h a p  
loid invasive growth.  Haploid strains grown as patches on a 
W D  plate as described in %L~TZTF.RIAIS A S D  MF.1'1-101)~. Plates 
were photographed  before (total  growth) and after (invasive 
growth) washing the cells from the agar surface. Strains were 
AMP1572 ( R I M ) ,  AMP160.5 ( n ' m l A I 2 ) ,  AMP1575 ( r i m 8 - 1 ) ,  
AMP1573 ( r i m P I ) ,  and AMP1576 (r imI3-I) .  

no defect in pseudohyphal  growth of a / a  rim/nm mu- 
tant  strains (data  not  shown). a and a cells can  produce 
chains of cells, similar to pseudohyphae,  that invade an 
agar growth substrate  (BUCKETER at nl. 1993; ROBERTS 
and  FINK 1995). The signal that  promotes invasive 
growth is unknown. We found  that riml-I, 8-1, 9-1, and 
13-1 mutations  prevent invasive growth of haploid a and 
a cells (Figure 1).  The r imlA l2 ,   r im92  and rim9A10 
mutations, which also prevent invasive growth (data  not 
shown),  must cause a loss of gene  function, based upon 
their  structural  features  (see MATERIALS AND METHODS). 
The rim8-1 and riml3-l mutations are recessive, based 
upon  sporulation, colony  morphology, and low temper- 
ature growth (SU and MITCHELL 1993a),  and  thus  are 
likely to reduce  or abolish gene  function. M'e conclude 
that Rim 1  p, RimSp, and (probably)  Rim8p and Rim 13p 
are formally positive regulators  of  haploid invasive 
growth. 

Effects of n'm8, 9, and 13 mutations on Rimlp: To 
monitor  accumulation of Rimlp polypeptide, we intro- 
duced HA insertions  into  three hydrophilic  regions.  A 
cassette specifying HA epitopes (TYERS at nl. 1993) was 
inserted  after RIMl  codon 1 ( R I M I - H A I ) ,  codon 312 
(RIMI-HA2) ,  or codon 478 (RIMI-HA3) .  Sequence  de- 
termination  revealed  that RIMI-HA1 and RIMI-HA3 
each  had a single epitope cassette,  whereas RIMI-HA2 
had  three consecutive epitope cassettes. Analysis of 
multicopy  plasmid-borne RIMI-HA alleles  indicated 
that they retained  significant  function (data  not 
shown). We quantitated activity of each  allele  after  in- 
sertion  at  the  genomic RIMl  locus through assays of 
imp2-lncZ expression and sporulation  (Figure 2). ima2- 

Im-Z assays were conducted  on  haploid m a l  strains; 
sporulation was assayed in RTMl-HA/rimI-l diploids. 
RIMI-HA2,  RIMI-HA3, and a control R I M 1  allele per- 
mitted  equally  high levels of ima2-locZ expression and 
efficient  sporulation; RIMI-HA1 permitted slightly 
lower levels of ima2-loc% expression and sporulation.  A 
control r imlA12  allele  caused a 60-fold defect in imp2- 
lor% expression and sporulation. Rased upon these 
assays, the RIMI-HA2 and RIMI-HA3 alleles are com- 
pletely functional and  the RIMI-HA1 allele is partially 
functional. 

The RIMI-HA2 protein  product  (Riml-HA2p) was 
visualized on  an  immunoblot  through  reaction with 
anti-HA antibodies  (Figure 3) .  In glucose-grown cells, 
Riml-HA2p  existed in two forms of apparent  molecular 
masses 98 and 90 kD (lane 1). Both proteins were speci- 
fied by RIMI-HA2 because  neither was detected in ex- 
tracts of a RIM1 strain (lane 5 ) ,  which expressed no 
epitope-tagged product. In addition,  both  Riml-HAlp 
and Riml-HA3p were detected as two forms of 90 and 
82 kD, as expected from  presence of only a single  epi- 
tope cassette (data  not  shown). In acetate-grown cells, 
only the 90-kD form of Riml-HA2p was detectable (Fig- 
ure 3, lane 6). Although  the calculated  Riml-HA2p mo- 
lecular mass is 82 kD, bacterially produced Riml-HA2p 
has an  apparent  molecular mass of 98 kD (Figure 4, 
lane 3) .  Therefore,  the 90-kD Riml-HA2p  form cannot 
be  the RIMI-HA2 prima?  translation product. (We 
note  that  the 98-kD Riml-HA2p  form  migrates as a 
broad  band  or  doublet;  the  leading  edge comigrates 
with bacterial  Riml-HA2p.)  It is unlikely that  the 90-kD 
form of Riml-HA2p is a nonspecific in v i m  degradation 
product because (1) cell extracts were prepared by 
rapid  boiling of whole cells, so the  opportunity  for in 
vitro proteolysis was minimized; (2)  both Riml-HA2p 
forms were observed  in a protease-deficient p p 4  mutant 
(data  not  shown); (3) overexpression of Riml-HA2p 
from a multi-copy RIMI-HA2 plasmid or  by fusion of 
RIMI-HA2 to the GAIA promoter results in preferential 
accumdation of the 98-kD form,  thus  suggesting  that 
production of the 90-kD form is a saturable  reaction 
(data  not  shown);  and (4) functional  studies below ar- 
gue  that  the 90-kD form is the active species in vivo. 
We conclude  that  Rimlp  can exist in two forms whose 
relative levels respond to growth  medium  composition. 

M'e considered the possibility that RIM<'?, 9, and 13 
might  be  required  for  Rimlp modification. We o h  
served that nm8-I, rim9-1, and riml3-I strains  accumu- 
late only the 98-kD form of Riml-HA2p  (Figure 3, lanes 
2-4 and 6-8), as do rim9A2 and rim9-10 strains  (data 
not  shown). Overall levels of Riml-HA2p  accumulation 
was unaffected b!l the rim mutations. Similarly, a rim9- 
I mutant  accumulated only the 90-kD form of Riml- 
HAlp,  not  the 82-kD form (data  not  shown).  Therefore, 
RIM& 9, and 13 are  required  for  production of the 
small form of Rim 1  p (the 90-kD Rim 1-HA2p form)  and 



68 

RIM 1 allele 

RIM 1 -HA 1 

RIM 1 -HA2 

RIM 1 -HA3 

RIM 1 

rim l A  

HA Zinc  Rnger 
+ Regions Region 

Acidic 

I WI 

I I IN 

W. Li and A.  P. Mitchell 

RIM1 Function 

ime2-lacZ FIGURE 2.-Function of HA-RIM1 al- 
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for disappearance of large form of Rimlp  (the  98kD 
Riml-HA2p form). 

We considered  a model in  which the large form of 
Rim l p  undergoes proteolytic cleavage to yield the small 
form. The cleavage  would  have to  occur  near  the Rimlp 
Gterminus because we had observed both large (90 
kD) and small (82 kD) forms of Riml-HAlp, which  has 
N-terminal HA epitopes. This model predicts that  the 8 
kD Gterminal  Rimlp fragment resulting from cleavage 
should be detectable. We were unable  to  detect such a 
fragment from a Rimlp derivative  with Gterminal HA 
epitope tags (at  codon 613; data  not  shown). Detection 

glucose acetate 

RIM1-HA2 RIM1 RIM1-HA2  RIM1 

cate  zinc finger regions and to  indicate 
the acidic region. A triple HA epitope cas- 
sette is represented by an arrow head. 
Each RIMI allele was intepted  at the 
chromosomal RIM1 locus.  Function was 
assessed through ime2-lacZ measurements 
and spondation tests.  Expression of im2-  
lacZ was meawred in m l  haploid strains 
after incubation in sporulation medium 
for 6 hr. Sporulation ability was deter- 
mined after mating each haploid  strain 
to a riml-1 strain  (AMP1607); sporulation 
levels  were measured in the resulting d i p  
loids after 13  hr in sporulation medium. 
Numbers are the means for three inde- 
pendent determinations; standard errors 

21fl 

64+ 4 

78+7 

74+9 were  within  20%  of the mean. Strains  were 
AMP1608 (RIMI-HAI),  AMP1609 (RIMI- 
HA2) .  AMP1610 (RIMI-HA3), AMP1605 
( r i m l a ) ,  and AMP1606 (RIMI) .  

1.321 

might have been compromised by instability or hetero- 
geneity of the  fragment;  either problem might be over- 
come through fusion of a stable protein product  to  the 
Rimlp  Cterminus.  Therefore, we constructed a RIMI- 
laci! gene  that fuses  &galactosidase  within the HA epi- 
tope  at Rimlp codon 613 (Figure 5A). The fusion p r e  
tein has a calculated molecular mass  of  190  kD; the 
predicted proteolytic cleavage should yield a 130-kD G 
terminal fragment. Two RIMI-lacZ products were de- 
tectable with anti-&galactosidase antibodies, as re- 
vealed by comparison of RIM1 and RIMI-lad strains 
(Figure 5B, lanes 1 and 2, respectively). The estimated 
sizes  of the  products  corresponded closely to  the pre- 
dicted sizes. The model further predicts that only the 
190-kD RIMI-lacZ product  should  be  detectable in a 
RIMI- lad  nm9A strain. As predicted, we could detect 
only the 190-kD product,  and  not  the 130-kD product, 
in a RIMI-lad rim9A strain (Figure 5B, lane 3). These 
results indicate that proteolytic cleavage  of the large 
Rimlp form yields the small form and a Gterminal 
fragment. 

90 ' 

Lane: 1 2 3 4 5 6 7 8 9 10 

FIGURE 3.-Effects of n'm8, 9, and  I3 mutations on  Riml- 
HA2p. Extracts of cells  grown  in glucose medium  (lanes 1- 
5; W D  medium) or acetate  medium  (lanes 6-10; W A C  me- 
dium) were analyzed on an immunoblot with anti-HA anti- 
bodies. Strains were AMP1591 (RIMI-HA2; lanes 1 and  6), 
AMP1582 (RIMI-HA2rim8-l;lanes2and 7),AMP1584 (RIMI- 
HA2 rim9-I; lanes 3 and 8) .  AMP1583 (RIMI-HA2  riml3-I; 
lanes 4 and 9), and AMP1606 (RIMI;  lanes 5 and  10). 

Lane: 1 2 3 

FIGURE 4.-Comparison of yeast and recombinant Riml- 
HA2p. Extracts of YPAc-grown yeast strains AMP1591 (RIMI- 
HA2; lane  1)  and AMP1601 (rim9-IO  RIMI-HA2; lane 2)  and 
an  extract of E. coli strain RL21 expressing Riml-HA2p (lane 
3) were analyzed on  an  immunoblot with anti-HA antibodies. 
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lane: 1 2 3 
FIGURE 5.-Accumulation of RIMI- lad  products. (A) Dia- 

gram of the RIM1-lad primary translation product. RIMl  was 
fused to ZacZ at  codon 613; the fusion junction includes  a 
portion of an HA epitope cassette (not diagrammed).  The 
approximate site of expected proteolytic cleavage is indicated. 
(B) Detection of RIMI-lacZ products. Extracts of YPD-grown 
yeast strainsAMP1606 (RIM1  RIM9, lane l ) ,  AMP1686 (RIMI-  
l a d  RIM9, lane 2), and AMP1 688 (RIMI-lacZ  rim9) were ana- 
lyzed on  an  immunoblot with anti-/?-galactosidase antibodies. 
Positions of 220- and 97-kD size markers and of RIMI-lacZ 
products are indicated on the left and right, respectively. 

Suppression of rim mutations by truncation of 
Rimlp: Observations reported above are consistent 
with the  idea  that Rimlp may be activated by removal 
of Gterminal residues, and  that RIM& 9, and 13 are 
required  for this proteolytic processing reaction. This 
model predicts that deletions that remove Rimlp G 
terminal sequences may act as  bypass suppressors of 
rima, 9, and I3 defects. Therefore, we looked among 
RIMl  3' deletion  mutants  for  suppressors of rim muta- 
tions. 

We first tested functional activity of plasmid-borne 
RIMl 3' deletion alleles by their ability to  complement 
a nmlA mutation  (Figure 6). Complementation was 
determined  through two functional assays in  a  rimlA/ 
rimlA his3A/his3A  imel-HIS3/IMEI ime2-lacZ/IMEZ 
strain. One assay relied upon  the imel-HIS3 gene,  for 
which the  RIMIdependent IMEl promoter drives ex- 
pression of the HIS3 coding  region. The strain is His- 
due  to lack of RIMl  function (Su and MITCHELL 
1993b), as confirmed by control  complementation tests: 
a full-length RIMl plasmid (pSS179RIMl)  conferred  a 
His' phenotype, whereas the vector (pRS314) did  not. 
Deletions of RIMl to  codon 485 permitted  detectable 
function; two more extensive deletions abolished RIMl 
function.  A  second assay relied  upon the  IMEldepen- 

dent ime2-lacZ gene,  through which IMH expression 
(hence RIM1  activity)  may be assayed indirectly. This 
assay  was carried out in sporulating cells, whereas imel- 
HIS3expression assays were carried out in growing cells. 
The strain fails to express ime2-lad; the RIMl plasmid 
(pSS179RIMI) permits ime2-1acZexpression.  Again, de- 
letions of RIMl to  codon 485 permitted  function. As- 
sessment of function  through  both imel-HIS3 and ime2- 
lac2 expression assays  were in general  agreement, 
though two partially functional plasmids (pKN32 and 
pKNi0) were ranked differently in the two assays.  We 
then  introduced  the plasmids into a rim9AZ/rim9A2 
his3A/his3A  imel-HIS3/IMEI imeZ-lacZ/IMI.:2 strain to 
assay suppression (Figure 6). A low-copy  RIM9 plasmid 
(pSCRIM9) confered  a His' phenotype and permitted 
ime2-lacZ expression; the vector (pRS314) did  not. In- 
tact RIMI and a  deletion  to  amino acid residue 620 
(pKN30) did not suppress rim9A2, nor did the non- 
functional  RIMl  deletion derivatives (pKN35, pKN39). 
However, deletions ending between amino acid resi- 
dues 539 and 485 (pKN36, pKN34, and pWL86) permit- 
ted strong suppression of  rim9A2: the ime2-1acZreporter 
gene was expressed at 60% of the level observed with 
rimlA  complementation by each plasmid, and  at 40- 
80% of the level observed with  rim9A complementation 
by pSCRIM9. Overexpression of  RIM1 from a  highcopy 
plasmid (pMCRIMI)  did not suppress rim9A2  effi- 
ciently, though slight stimulation of im2-lacZ expres- 
sion was detected.  These observations indicate  that re- 
moval  of the  Rimlp  Gterminus permits IMEI promoter 
activity in the  absence of  RIM9 function. 

We extended these suppression studies with  RIMI- 
HA2-531, a  genomic "1-HA2derived allele that has 
a 3' deletion  to  codon 531. Both  RIMI-HA2 and RIMI- 
HAZ-531 were crossed into rim mutant strains, and sup- 
pression was assayed by imeZ-lad expression, growth 
at low temperature, colony morphology, and invasive 
growth. We observed that RIMI-HA2-531 suppressed 
rima-I, rim9-IO, and rim13-I mutations, based upon all 
four assays (Table 2). These results support  the hypoth- 
esis that  Rimlp acts downstream of Rim8p, 9p,  and 13p 
to promote all functions of this regulatory pathway. 

The hypothesis that  Rimlp is activated by Gterminal 
cleavage predicts  that Rimlp  Gterminal deletion deriv- 
atives should not  undergo cleavage. We tested this pre- 
diction by comparison of Riml-HASP and Riml-HA2- 
531p  electrophoretic mobility (Figure 7). Riml-HA2p 
existed as a 90-kD form in wild-type  cells (lane  1)  and 
as a 98-kD form in rima,  9, and I3 mutants  (lanes 2- 
4). In contrast, Riml-HA2-531p existed only as a 90-kD 
form in wild-type and rim mutant strains (lanes  5-8). 
We conclude  that  the  Rimlp  Gterminus includes se- 
quences  required  for RIMa-,  9-, and  IMependent pro- 
teolytic  cleavage. 

Effect of external  pH on Rimlp: Observations above 
suggested that  external glucose may promote accumula- 
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FIGVRE 6.-Activity of  truncated  Rimlp derivatives. Low-copy RIMl 3' deletion plasmids  were transformed  into  strains AMP1578 
( a / a  rimlA5/17'mlA5  im~l-HI.73/IMb:l  LMI~2::imr2-lncZ/IME2) and AMP1592 ( a / a  rim9A2/rim9A2  imeI-HIS3/IMEl  IME2::ime2- 
InrZ/IME2) to test for  complementation  and  suppression, repectively. RIMl 3' deletion  endpoints lay at  the  codons  indicated 
in the  right  column. Plasmids pSSl'i9RIMI (low-copv) and pMCRIM1 (high copy) speci5 full-length R I M l ,  which terminates 
after  codon 628; plasmid pRSBl4 is the low-copv plasmid  vector with no RIMl insert. Plasmid pSCRIM9 is a low-copy RIM9 
plasmid (p"L51).  Complementation  and  suppression were assaved by expression of imrl-HI.73, as determined by growth on 
medium lacking histidine,  and  of imr2-lnrZ, as determined by @-galactosidase assays. Standard deviations for triplicate @-galactosi- 
dase assays were within 20%) of  the  mean,  except  for assays with plasmid pK??32 in strain AMP1592, which yielded a standard 
deviation of 50% of the  mean. 

tion of the large form of Rimlp (Figure 1). In support 
of  this hypothesis, we observed that growth in presence 
of unusually high glucose concentrations (5, 10, or 
20%) led to increased accumulation of the 98-kD Riml- 
HA2p form and had little effect on  the 90-kD form 
(data  not  shown).  The  report bv ORF,IAS pt nl. (1995) 
that Aspergillus PacC processing responds  to  external 
pH led us to wonder  whether high glucose concentra- 
tions might affect pH of the growth medium. We o b  
served that glucose did not affect the initial pH of the 
culture  (pH 6.5 for YPD medium), but  that increasing 
glucose concentrations caused exponential  cultures to 
have a more acidic pH (q., pH 6.0 for YPD medium 
with 2% glucose). In contrast,  exponential  acetate cul- 

tures had a neutral  pH (pH 7.0 for YPAc with 2% potas- 
sium acetate).  Thus  our findings were  also consistent 
with the hypothesis that  external acidity promotes accu- 
mulation of the large form of Rimlp. To determine 
whether  pH or carbon  source was responsible for effects 
on  Rimlp, we examined Riml-HAPp in cells grown in 
buffered glucose and acetate media (Figure 8). Regard- 
less of carbon  source, acidic pH caused accumulation 
of both 98- and 90-kD Riml-HA2p forms (lanes 1 and 
3); neutral or alkaline pH caused accumulation of only 
the 90-kD Riml-HA2p form (lanes  2 and 4). We also 
observed that a n'm9-IO mutant  accumulated only the 
98kD Riml-HA2p form at  either  pH 4.4 or 8.0 in glu- 
cose medium  (data not  shown).  These results indicate 

TABLE 2 

Suppression of nm8, 9, and 13 mutations by the RIMI-HA25313' deletion mutation 

Colony Invasive im~2-lacZ 17" 
Strain Relevant genotvpe  morphology" growth"  expression'  growth 

AMP1602 rim8  RIMI-HA2 Smooth - 1 
AMP1597 rim8 RI11/11-HA2-531 Rough + 95 + 
AMP1601 rim9  RIMI-HA2 Smooth - 1 
AMPl.598 rim9  RIMI-HA2-531 Rough + 80 + 
AMP1603 rim13  RIML-HA2 Smooth - 1 
AMP1599 rim13  f2hMI-HA2-531 Rough + 55 + 
AMP1604 RIMl-HA2 Rough + 100 + 
AMP1600 RIMI-HA2-531 Rough + 135 + 

- 

- 

- 

" Colony morpholop was scored by visual inspection. 
"Invasive growth was scored by adherence of cells to a YPD plate after washing the  plate surface. 
' ime2-far% expression was measured  after  incubation for 8 hr in sporulation  medium. Values in Miller units are  the  means of 

triplicate determinations; SD, 2 15%. 
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FIGURE 7.-Accumulation of Riml-HA2p and Riml-HA2- 
53lp in rim& 9, and  13mutants.  Extract. of MMl-HA2strains 
(lanes  1-4)  and RIMl-HAZ-531 strains (lanes 5-8) were com- 
pared  on  an  immunoblot. Strains carried  additional muta- 
tions n'm8-1 (lanes 2 and 6). n'm9-10 (lanes 3 and 7) ,  or n'm13- 
1 (lanes 4 and 8 ) ,  and  are listed in Table 2. 

that  accumulation of the large form of Rimlp is favored 
by external acidity, and that  the  effects of carbon  source 
are  an indirect  consequence  of  pH  changes from me- 
tabolism. 

DISCUSSION 

Rimlp, Sp, 9p,  and 13p were proposed  to have a 
close functional  relationship because of shared  mutant 
phenotypes and properties of double  mutants (SU and 
MITCHELL 1993a). These studies were consistent with 
action of the RIM gene  products  either in a linear path- 
way or in a protein complex. Our analysis  of Rimlp 
supports and  extends  that proposal. We have  shown 
that rim& 9, and I3 mutations affect Rimlp qualita- 
tively, as detected by a change in Rimlp electrophoretic 
mobility. This observation provides a more  direct bio- 
chemical link between the RIM gene  products.  It also 
suggests that  Rimlp acts downstream of Rimgp, 9p,  and 
13p in a linear pathway. 

Structural and functional observations together ar- 
gue  that Rimlp may be activated by Gterminal proteo- 
lytic  cleavage. The two forms of Rimlp differ by an 

pH: 
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glucose  acetate 

6.0 8.0 6.0 7.0 

- .  

1 2 3 4  

FIGURE %--Effect of external  pH  on Riml-HA2p pro- 
cessing. Riml-HA2p was detected on an  immunoblot  after 
growth of strain AiiP1591  (MMl-HAP) in glucose medium 
(YPD) buffered at pH 5.5 (lane  1) or pH 8.0 (lane  2), or in 
acetate  medium  (WAC) buffered at pH 6.0 (lane 3) or pH 
7.0 (lane 4). 

Haploid  invasive  growth  Low  temperature  growth 
Rough colony /ME1 transcription 
morphology 

1 
Sporulation 

FIGURE 9.--Model for relationships among  Rimlp,  8p, 9p, 
13p,  and  external  pH.  Rimlp is activated by a proposed G 
terminal  proteolytic cleavage, which depends  upon Rim8p, 
9p, and  13p  and is inhibited by acidic external  pH. Active 
Rimlp permits haploid invasive growth,  rough colony mor- 
phology, ZMEl expression (leading to I M 2  expression and 
sporulation),  and growth at low temperatures. Although the 
diagram suggest5 that  external pH act! independently of 
Rim8p, 9p, and  13p, it is also possible that acidic external pH 
inhibit! Rimlp processing through  inhibition of Rimsp, 9p, 
or 13p expression or activity. 

apparent mass  of 8 kD, which corresponds to -70 
amino acid residues. The small form of Rimlp, which 
is predominant in  wild-type strains, has greater electro- 
phoretic mobility than  recombinant Rimlp expressed 
in E. coli. This observation suggests that  the small Rimlp 
form might be produced  through proteolytic cleavage 
of the large Rimlp form. Two forms of a Rimlp deriva- 
tive  with an N-terminal HA epitope  (Riml-HAlp)  are 
detectable with anti-HA antibodies, so proteolytic cleav- 
age would  have to occur near  the  Rimlp  Cterminus. 
This idea is consistent with the observation that RIMI- 
lacZ produces a 130-kD form of P-galactosidase. It is 
also supported by the finding  that Riml-531p, which 
lacks the  Gterminal 97 residues, apparently exists in 
only one form. In nm8, 9, and I3 mutants, only the 
large Rimlp form accumulates; because these mutants 
have the same phenotype as a rimlA null mutant, we 
infer  that the large Rimlp form is inactive. Suppression 
of rim8, 9, and 13 mutations by expression of Riml-531p 
indicates that removal of Rimlp  Cterminal residues is 
sufficient to produce a biologically  active protein in 
these mutants We propose a simple model to summa- 
rize these results (Figure 9). Rimlp is synthesized as a 
precursor  that is activated by proteolytic removal of a 
Gterminal  segment (-70 amino acid residues); proteo- 
lytic activation requires Rimgp, 9p,  and 13p. 

The ability of "1-531 and  other altered RIM1 al- 
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leles to suppress rima, 9, and 13 mutant phenotypes 
lends  strong  support  to  the idea that Rimlp acts  down- 
stream of Rim8p, 9p, and 13p. This argument is most 
compelling for Rim9p because true rim9 null mutations 
are suppressed. In principle, overexpression of RIM1 
might be expected to suppress the  other rim mutations. 
Indeed,  the composition of the Rimlp  Gterminus re- 
sembles that of destabilizing PEST sequences (ROGERS 
et al. 1986; ~ C H S T E I N E R  and ROGERS 1996), so suppres- 
sion by RIMI-531 might have resulted from elevated 
Riml-531p accumulation. However, neither  a high copy 
RIM1 plasmid nor  a GALl-RIM1 fusion gene can sup- 
press rima, 9, and 13 mutations efficiently, though they 
do complement  a rim1 mutation and result in substan- 
tial hyperaccumulation of the large Rimlp form (W. 
LI and A. P. MITCHELL, unpublished  results). We also 
observed that Rimlp  and Riml-531p accumulate to 
comparable levels. Therefore, suppression results from 
a qualitative change in Rimlp,  not  an increase in Rimlp 
accumulation. 

Although accumulation of the large Rimlp form is 
greatest in acidic media, we have not  found  strong evi- 
dence  that Rimlp transmits a  pH-dependent signal. 
Two Rimlp-dependent processes, invasive  growth and 
ime2-lacZ expression, are  inhibited in acidic media (W. 
LI and A. P. MITCHELL, unpublished observations). 
These observations are consistent with the idea that 
functional Rimlp activity is diminished in acidic media. 
However, acid inhibition of  invasive  growth and ime2- 
lacZ expression are  not relieved in RIMI-531 strains. 
This observation indicates that acid inhibition of these 
processes is not  exerted solely by inhibition of Rimlp 
processing. In fact, cells  grown  in acidic media accumu- 
late the some active (small) Rimlp, so they may retain 
substantial Rimlp functional activity. 

The  deduced  structures of Rimlp  and Rim9p are 
consistent with the idea that they act in a  linear pathway. 
Rimlp has three zinc fingers, so a simple possibility 
is that Rimlp acts  as a transcription factor (SU and 
MITCHELL 1993b). Although Rimlp is formally a posi- 
tive regulator of IMEl, we do  not know whether it may 
act  more directly as a transcriptional activator or repres- 
sor when bound to DNA. Rim9p  has four hydrophobic 
segments (Figure 10).  The three  internal segments are 
potential transmembrane domains; the N-terminal seg- 
ment may function  either as a  transmembrane  domain 
or signal sequence. Membrane-association of Rim9p is 
consistent with  its acting upstream of a transcription 
factor in a signal transduction pathway.  Rim9p may 
function as transmembrane  receptor  that responds to 
an extracellular, intracompartmental, or intramem- 
brane signal. A second possibility  is that Rim9p  acts 
more directly as a  subunit of a  membrane-bound  prote- 
ase; such an activity is required  for proteolytic activation 
of Bacillus cE (HOFMEISTER et al. 1995). 

Three observations indicate that similarities of Rimlp 
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FIGURE 10.-Structural  features of Rim9p. (A) The de- 
duced Rim9p amino  acid sequence, with hydrophobic  seg- 
ments underlined. (B) Kyte-Doolittle  hydropathy  plot of 
Rim9p. 

to Aspergillus  PacC extend beyond general structural 
features. First, Rimlp  and PacC both accumulate in two 
forms, though  the size difference between PacC forms 
(400 residues; OREJAS et al. 1995) is much  greater  than 
between Rimlp forms (70 residues).  Second,  the small 
forms of both  Rimlp  and PacC appear to be the active 
forms (this study; OREJAS et al. 1995; TILBURN et al. 
1995).  Third, accumulation of the large forms of both 
Rimlp  and PacC is favored in acidic medium (this study 
and ORFJAS et al. 1995). An interesting possibility is that 
Rim8p, 9p, and 13p may be homologous to some of 
the Aspergillus pal gene products, which govern activa- 
tion of  PacC  (OREJAS et al. 1995). 
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