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The Aspergillus nidulans transcription factor PacC, which mediates pH regulation, is proteolytically pro-
cessed to a functional form in response to ambient alkaline pH. The full-length PacC form is unstable in the
presence of an operational pH signal transduction pathway, due to processing to the relatively stable short
functional form. We have characterized and used an extensive collection of pacC mutations, including a novel
class of “neutrality-mimicking” pacC mutations having aspects of both acidity- and alkalinity-mimicking
phenotypes, to investigate a number of important features of PacC processing. Analysis of mutant proteins
lacking the major translation initiation residue or truncated at various distances from the C terminus showed
that PacC processing does not remove N-terminal residues, indicated that processing yields slightly hetero-
geneous products, and delimited the most upstream processing site to residues ~252 to 254. Faithful process-
ing of three mutant proteins having deletions of a region including the predicted processing site(s) and of a
fourth having 55 frameshifted residues following residue 238 indicated that specificity determinants reside at
sequences or structural features located upstream of residue 235. Thus, the PacC protease cuts a peptide
bond(s) remote from these determinants, possibly thereby resembling type I endonucleases. Downstream of the
cleavage site, residues 407 to 678 are not essential for processing, but truncation at or before residue 333
largely prevents it. Ambient pH apparently regulates the accessibility of PacC to proteolytic processing.
Alkalinity-mimicking mutations L259R, L266F, and L340S favor the protease-accessible conformation,
whereas a protein with residues 465 to 540 deleted retains a protease-inaccessible conformation, leading to
acidity mimicry. Finally, not only does processing constitute a crucial form of modulation for PacC, but there
is evidence for its conservation during fungal evolution. Transgenic expression of a truncated PacC protein,
which was processed in a pH-independent manner, showed that appropriate processing can occur in Saccha-

romyces cerevisiae.

A growing class of transcription factors is activated by the
proteolytic removal of protein domains which negatively mod-
ulate their activity. These negatively acting domains can be
provided in frans (i.e., by another protein in a complex) or in
cis (i.e., by a region within the transcription factor’s primary
translation product). Examples of the former are the p50-p52
NF-«B family and their negative regulators, the IkB proteins,
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which regulate human genes involved in immune and inflam-
matory responses (reviewed in reference 37), and their respec-
tive Drosophila homologues dorsal and cactus (reviewed in
reference 3), which establish the dorsal-ventral polarity of the
fly embryo and mediate the Drosophila immune response (19).
Examples of the latter include the p105 precursor of NF-kB
p50 (whose C-terminal moiety is homologous to a trans-acting
member of the IkB family); the sterol regulatory element bind-
ing proteins (reviewed in reference 5), which activate genes for
cholesterol biosynthesis, low density lipoprotein receptors, and
fatty acid synthesis; the zinc finger protein Ci, which is the
product of the Drosophila cubitus interruptus gene, a mediator
of the Hedgehog signal (reviewed in reference 30); and the
Aspergillus nidulans zinc finger protein PacC, which mediates
regulation of gene expression by ambient pH (39). An exten-
sive collection of pacC mutations, including acidity-mimicking
pacC™’~  loss-of-function mutations, alkalinity-mimicking
pacC® gain-of-function mutations, and neutrality-mimicking
pacC®~ mutations (references 6 and 39 and this work) is avail-
able, making PacC a particularly well-suited choice for inves-
tigating the proteolytic activation of eukaryotic transcription
factors.

In the current model (25), the 678-residue primary transla-
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TABLE 1. pacC mutations used in this work
Mutation Parental strain genotype Mutagen Selection method Reference

pacC504 pabaAl pacC5 NQO“ Growth on 50 mM GABA? as C and N 39

sources
pacC*'~7604 inoB2 pacC76 uv Resistance to neomycin (2 mg/ml) 39
pacC*'~508 and 515 pabaAl pacC®s uv Resistance to neomycin (200 pg/ml) 39

+ 0.04% sodium deoxycholate
pacC*'~230 areA" inoB2 fwAl uv Growth on 5 mM GABA as N source This work
pacC20000 YyA2 gatA2 pantoB100 pacC200 uv Resistance to neomycin (1 mg/ml) This work
pacC63 and 69 pabaAl yA2 wA3 palAl uv Growth at pH 8 This work
pacC*'~206 biAl areA1601 areA™ 168 pantoB100 uv Growth on 5 mM GABA as N source This work
pacC?20601, 20602, and 20604 pacC*'~206 pantoB100 uv Growth at pH 8 This work
pacC20603 pacC™*'~206 pantoB100 uv Growth at pH 8 This work
pacC<39 biAl pyroA4 palB7 chaAl NQO Growth at pH 8 at 42°C This work
pacC50 biAl nis-5 uv Enhanced growth on nitrite as N source 29

+ 40 mM CsCl
pacC2020503 and -2020508 pabaAl pacC*'~20205 pacC202 uv Growth at pH 8 This work

(2020516, 2020515)

pacC67 and 75 inoB2 palB7 chaAl uv Growth at pH 8 This work
pacCe202 pabaAl sasA60 Spontaneous Resistance to GABA toxicity 39
pacC*'=20205 pacC202 uv Resistance to neomycin (1 mg/ml) This work
pacC<l14 pabaAl gatA2 palF15 fwAl uv Resistance to 5 mM GABA in presence of 39

10 mM ammonium tartrate as N source
pacC<s biAl uv Decreased staining for acid phosphatase 11

“NQO, 4-nitroquinoline-1-oxide.
» GABA, a-aminobutyrate.

tion form of PacC is activated at alkaline ambient pH by
proteolytic removal of a C-terminal negatively acting domain.
The resulting truncated PacC form activates transcription of
genes expressed at alkaline pH through 5'-GCCARG sites in
their promoters (12, 14) and prevents expression of acid-ex-
pressed genes (22, 31). PacC processing is triggered by a signal
transduced by the pal gene pathway under alkaline growth
conditions, resulting in an as-yet-unknown modification of the
protein. This causes a conformational change in PacC, render-
ing it accessible to proteolytic removal of more than 400 C-
terminal residues, including the negatively acting domain.

Here we address several important aspects of this model,
demonstrating a precursor-to-product relationship between
the two PacC forms, an obligatory requirement for a functional
pal signalling pathway for proteolytic processing, and the in-
tegrity of the original N terminus in the processed form. We
describe single-residue substitutions that almost certainly dis-
rupt interactions between the N- and C-terminal moieties of
PacC, resembling C-terminal truncations of PacC in their al-
kalinity mimicry and constitutive processing (25, 39). An acid-
ity-mimicking deletion likely to prevent pH signal reception or
its effect prevents processing. We determine that the most
upstream site(s) of processing is within residues 252 to 254 or
in the immediate vicinity and show that the specificity for
processing resides upstream of residue 235 and thus upstream
of the cleavage site(s). Finally, we show that this unusual pro-
cessing reaction can occur in Saccharomyces cerevisiae, pro-
vided that the pH signalling pathway is bypassed.

MATERIALS AND METHODS

A. nidulans strains, phenotype testing, and genetic analysis. All strains used in
this work carried markers in standard use (7). Standard media, phenotype test-
ing, and genetic procedures were used (references 1, 6, 7, and 39 and references
therein). Penicillin production broth (PPB) is appropriately supplemented min-
imal medium (8) containing 2.5% (wt/vol) corn steep liquor, 10 mM ammonium
tartrate, and the indicated carbon sources. Media were adjusted to acidic, neu-
tral, or alkaline pH as described previously (25). For classical mutant strains, 3%
(wt/vol) sucrose was present. For strains carrying gene fusions to alcAP, media
(adjusted to acidic pH) contained (final concentrations) 100 mM L-threonine and

0.05% glucose for inducing conditions and 3% glucose for noninducing, repress-
ing conditions. In all cases, except those for transient-expression experiments,
cultures were grown for 24 h at 37°C.

Isolation and characterization of new pacC mutations. The parental strains
and selection procedures used to isolate the classical pacC mutations used in this
work are shown in Table 1. Their approximate positions are shown in Fig. 1. New
mutations were characterized by sequencing as described previously (39). Strains
carrying these mutations also carried one or more additional markers which do
not affect pH regulation.

EMSA and protein extraction. Electrophoretic mobility shift assay (EMSA)
and protein extraction were done as described previously (25). EMSA mixtures
were made with 0.3 ng (~20,000 Cerenkov cpm) of the 3?P-labelled 31-mer
double-stranded oligonucleotide containing the high-affinity ipnA2 PacC binding
site (12, 14, 39). Protein-DNA complexes were usually resolved in 4% polyacryl-
amide gels, but 8% polyacrylamide gels and longer runs were used for high
resolution of complexes corresponding to proteins approximating the size of the
processed form.

Western analysis. Proteins (100 pg) were resolved in a sodium dodecyl sulfate
(SDS)-11% polyacrylamide gel and were analyzed by Western blotting as de-
scribed previously (25). The primary antibody (working dilution, 1:2,000) was a
polyclonal antiserum raised in rats against a His-tagged PacC(5-265) protein,
which was overexpressed in Escherichia coli and purified by Ni** affinity chro-
matography. The protein was denatured in a buffer containing 2% SDS and 5%
B-mercaptoethanol before immunization of the animals. The secondary antibody
was a peroxidase-conjugated sheep antirat antibody (working dilution, 1:2,000).
Peroxidase activity was detected with the ECL system (Amersham).

Plasmids. pALC (15) was used for expression of PacC wild-type and mutant
proteins under alcAP control. This plasmid contains a functional alcAP promoter
including a transcription start site separated from a downstream #rpC transcrip-
tion terminator by a 5'-Sall-Xbal-BamHI-Smal-Pst1-EcoRI-3' polylinker region.
Two versions of this vector, carrying as a selection marker either an argB™ allele
or a frameshifted (Bgl/II blunt-ended) argB allele (to select for integration in the
argB locus), were used. Constructs derived from pALC are described in Table 2.
Constructs driving expression of PacC proteins in yeast under the control of
GALIP were derivatives of Invitrogen pYES2 (see also Table 2).
plalcAP::PacC(5-678)] was constructed by subcloning a cDNA fragment contain-
ing the complete pacC coding region into pALC. This fragment was flanked by
an Ncol site (converted to a BamHI site) and a second BamHI site. The Ncol site
overlapped the Met5 codon. The 3" BamHI site is located 90 bp downstream of
the translation stop codon. p[alcAP::PacC(5-265)] was made by subcloning an
Ncol-BstEII fragment (both cohesive ends blunted with Klenow) into the Smal
site of pGEX-2T (Pharmacia) to introduce BamHI (5') and EcoRI (3') flanking
sites, which were used for subcloning into pALC. For construction of pPacCAl,
a cDNA encoding an internally deleted PacC protein lacking residues 235 to 264
was reconstructed by ligating a BamHI-AccI fragment (filled in with Klenow)
from the above-described pGEX-2T derivative with a BstEII-EcoRI fragment
(filled in with Klenow) from the pJB2 (39) cDNA clone into pGEX-2T digested
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FIG. 1. Positions of pacC mutations used in this work. The two bar diagrams represent the PacC coding sequence, with the scale at the top indicating amino acid
residues. The ends of normal sequence before truncating mutations, the positions of missense mutations, and the extents of deletions are shown. Allele numbers for
classical mutations are given. Their molecular descriptions are detailed in Table 3. Within parentheses is the number of additional residues added by frameshift
mutations. Asterisks indicate nonsense mutations. Recombinant alleles A1, A2, and A3 are described in Table 2.

with BamHI and EcoRI. The deleted cDNA open reading frame was then
subcloned as a BamHI fragment (note the presence of a second BamHI site 3’
to the translation stop codon) into pALC. Plasmid pPacCA2 was made by PCR
amplification and in-frame rejoining of two fragments encoding residues 5 to 250
and 271 to 678, respectively. pPacCA3 was constructed by ligating a BamHI-Accl
fragment (filled in with Klenow) and an Aval-EcoRI fragment (filled with Kle-
now) in pALC digested with BamHI and EcoRI. pYES::PacC(5-265) was made
by subcloning a 0.8-kb BamHI-EcoRI fragment from plalcAP::PacC(5-678)] in
pYES2. Plasmid pYES::PacC(5-678) was made by subcloning the BamHI frag-
ment containing the complete wild-type pacC open reading frame in pYES2.
Plasmid pYES::PacC(5-492) was constructed by introducing the pacC¢14 non-
sense mutation in pacC codon 493 of pYES::PacC(5-678). Correct in-frame
joining of fragments and the absence of PCR-introduced mutations in pacC
mutant versions were verified by automated DNA sequencing.

A. nidulans transformation. Constructs were introduced into ApacC (full ge-
notype, bidl pabaAl yA2 pyrG89 argB2 ApacC::pyr4") and palAl ApacC (full
genotype, yA2 argB2 palAl ApacC::pyr4* pantoB100) recipient strains as appro-
priate (39, 40). Homokaryotic transformed clones were purified by repeated
streaking on selective medium lacking arginine and analyzed by Southern blot
hybridization. Two independent clones carrying a single-copy integration were
chosen for each transforming construct and were shown to have the same phe-
notype.

Transient-expression experiments. Acidic PPB cultures containing 3% (wt/
vol) glucose were inoculated with 2 X 10° conidiospores/ml and incubated for
14 h at 37°C with vigorous shaking. Mycelia were harvested, washed with sterile
water, and transferred to fresh acidic PPB containing 0.05% (wt/vol) glucose (a
derepressing concentration) and 100 mM L-threonine (a strong inducer of alcAP),
in which they were incubated for a further 6 h at 37°C. After this time, 3%
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TABLE 2. Plasmids encoding wild-type and mutant 2 A = B
versions of PacC 2 3 23 &
Aﬁ%.‘:;n:.:_: ~88oox >
Construct name Encoded PacC product Host L E~amnwuno — 2. Eawvo 3
plalcAP::PacC(5-678)] 5-678 A. nidulans - -
plalcAP::PacC(5-265)) 5-265+GNSS A. nidulans
pPacCAl (5-234) +C::(265-278) A. nidulans BT IR . -
pPacCA2 (5-250)::(271-678) A. nidulans -~ -y
pPacCA3 (5-234)+S::(301-678) A. nidulans . B
pYES::PacC(5-265) 5-265+ GNSADIHHTG S. cerevisiae
GRSSMHLEGRIM
pYES::PacC(5-678) 5-678 S. cerevisiae
PYES::PacC(5-492) 5-492 S. cerevisiae u
. oy
’ 123456789 i 5% 48 & .
wt/vol) glucose was added to the cultures to repress alcAP transcription, and
gample)s gvere taken at different time points (see l?ig. 1 legend) after r};storation alcAP::P acC(5-678) alcAr:: PacC( 5-26 5)
of glucose repressing conditions. Mycelial samples were also taken immediately o
before and after promoter induction. Control transfer experiments showed that palA palA"‘
under such conditions 3% glucose prevented threonine induction of alcAP. Pro-
tein extracts were prepared from samples (2 to 4 g [wet weight] of mycelium) as '.3 - C
described previously (25). g3 % D %
Yeast methods. Standard methods were used for growth and maintenance of -~ §. fcooccas 8 § ool
S. cerevisiae strains (33). W303-1A (38) (MATa ade2-1 his3-11,15 leu2-3,112 == IS Uy SInNe ggeaascay
ura3-52 trpl-1, obtained from J. M. Gancedo) was used as the recipient for Ekcialhiihikits
transformation by the lithium acetate procedure (17). For expression of PacC Il @« v e
protein derivatives, cells were pregrown overnight at 30°C in 2% glucose minimal
medium (lacking uracil). These primary cultures were used to inoculate second- « vt e
ary cultures in 2% raffinose minimal medium (lacking uracil), which were grown <«

to an optical density at 600 nm of 0.6. At this point, 2% (wt/vol) p-galactose was
added to induce the GALI promoter, and the cultures were further incubated for
6 h. Cells (20 ml) were collected by centrifugation, washed with water, and
resuspended in twice their cell volume of lysis buffer (25 mM HEPES [pH 7.5],
50 mM KCl, 0.4 M ammonium sulfate, 5 mM MgCl,, 0.1 mM EDTA, 10%
glycerol, 0.5 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 1 pM
leupeptin, and 0.6 wM pepstatin). Next, 1 to 1.5 volumes of glass beads (0.5-mm
diameter) were added, and cells were lysed after vigorous vortexing (five times
for 1 min each). The supernatants were decanted and collected, and glass beads
and debris were washed with 0.4 ml of lysis buffer. Both supernatants were
combined and centrifuged at 4°C for 60 min at 14,000 rpm in an Eppendorf
microcentrifuge. The cleared supernatants (usually containing 2 mg of protein
per ml) were dialyzed against lysis buffer without ammonium sulfate and assayed
for PacC binding activity by EMSA, as described above, with 5 pg of protein per
assay.

RESULTS

The unstable, full-length PacC form is processed to the
relatively stable, short, functional form in the presence of an
operational pal pathway. To establish a precursor-to-product
relationship between the full-length and processed forms of
PacC, we used transient-expression experiments, based on con-
ditional expression (threonine inducible and glucose repress-
ible) of proteins under the control of the alc4 (alcohol dehy-
drogenase) promoter (28). An alcAp::PacC(5-678) construct
driving expression of the full-length protein (see below) or an
alcAP::PacC(5-265) construct driving expression of a truncated
protein approximating the processed PacC version was intro-
duced by transformation into a pacC null mutant background
and targeted in single copy to the argB locus by homologous
recombination. Neither PacC form was detectable by EMSA in
protein extracts from mycelia grown under repressing condi-
tions (Fig. 2A and B, lanes 2). Subsequent promoter induction
for 6 h (after mycelial transfer) resulted in the synthesis of
PacC proteins (Fig. 2A and B, lanes 3). The fate of the PacC
proteins was then analyzed after the alcA promoter was
switched off by addition of a repressing final concentration
(3%, wtfvol) of glucose. The full-length form of PacC (low-
mobility complex in Fig. 2) predominated after 6 h of induction
of alcAP::PacC(5-678) (note that acidic growth conditions were
used to reduce its processing), although some processed form
(higher-mobility complex) was clearly visible at this point. The

123456789 1234567809
alcAr::PacC(5-678) alcAp::PacC(5-265)
palAl palAl

FIG. 2. Transient-expression experiments with PacC(5-265) and PacC(5-678)
proteins in the indicated genetic backgrounds. alcAP::PacC(5-678) and
alcAP::PacC(5-265) constructs were transformed into ApacC and palAl ApacC
strains, and transformants having single-copy integrations of the transforming
plasmids into the argB locus were identified by Southern analysis. Mycelia of the
recombinant strains were grown for 14 h under repressing conditions and trans-
ferred to fresh acidic medium, with induction for alcAP, in which they were
incubated for a further 6 h. After this time, a repressing concentration of glucose
was added to prevent expression of the chimeric genes, and mycelial samples
were harvested at the indicated time points after glucose repressing conditions
were restored. Mycelial samples were also taken before (lanes labelled re-
pressed) and after (lanes labelled induced) the 6-h induction period. Mycelial
samples were used to prepare protein extracts that were assayed in EMSA
experiments with a PacC target probe. Closed and open arrows indicate the
protein-DNA complexes corresponding to the full-length and processed PacC
forms, respectively. A control showing the complexes formed with a wild-type
extract from mycelia grown under acidic conditions is shown in panels B and D.
The PacC(5-265) protein used here is slightly larger than the processed PacC
form (see text) but is functional in structural gene activation and repression.

full-length form progressively disappeared after promoter
shutdown, with less than 50% remaining after 3 h (data not
shown). In contrast, the level of the processed form increased,
apparently at the expense of the full-length form, not declining
until 5 h after promoter shutdown (Fig. 2A). This indicates
that, in the presence of a functional pal signal transduction
pathway, the full-length form of PacC is significantly less stable
than the processed form and that this instability results from
the proteolytic processing itself. Consistent with a precursor-
to-product relationship of the full-length and processed forms,
the PacC(5-265) protein is markedly more stable (Fig. 2B). No
reduction was evident 4 h after promoter shutdown, whereas
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FIG. 3. PacC proteolytic processing does not remove N-terminal residues.
(A) EMSA with mycelial extracts of wild-type, pacC®5, and pacC504 (pacC<5)
strains. (B) Complexes formed by these extracts were analyzed under conditions
maximizing resolution in the region of the processed-form complex. Note the
presence of two predominant bands in wild-type and mutant extracts approxi-
mately corresponding to a four-residue size difference in the protein moiety, as
shown by comparison of the mobilities of the pacC* (or pacC€5) and pacC504
(pacC<5) processed-form complexes. Not only the mobility of the protein-DNA
complex corresponding to the processed PacC form but also those of the mis-
processing or degradation products consistently decrease due to the pacC504
(pacCc5) mutation as compared to the pacC5 single mutant parent. Cultures
were grown in PPB for 24 h at 37°C, using 3% sucrose as the main carbon source.
In this and all other figures, H* and OH ™ indicate acidic and alkaline growth
conditions, respectively. Note that the pacC<5 strain showed pH-independent
elevated PacC levels, in contrast to our previous report (25), in which we de-
tected some pH dependence.

80% of the full-length form had been processed by this time
(Fig. 2A) and only a 50% reduction was observed after 6 h. As
predicted (25), the palA1 mutation, preventing pH signal trans-
duction, stabilized the full-length form, blocking processing
(Fig. 2C) but not affecting stability of the PacC(5-265) protein
(Fig. 2D).

Processing does not involve the N terminus of PacC. We
have previously shown that PacC processing involves proteo-
lytic removal of C-terminal residues of PacC (25), but this does
not preclude the possibility of additional proteolytic removal of
N-terminal residues upstream of the zinc finger region (begin-
ning at residue 76). Two Met codons (codons 1 and 5) are
present in the putative pacC coding region corresponding to
the N terminus, either of which might be used for translational
initiation. pacC504 (39) is a missense mutation affecting codon
5, resulting in an MS5I substitution and selected as partially
suppressing the alkalinity-mimicking phenotype of pacCc5.
The diminution of this alkalinity-mimicking phenotype by
pacC504 suggested that translational initiation occurs, at least
in part, at codon 5 and that suppression results from reduced
PacC synthesis (39). pacC504 does, indeed, reduce PacC levels
in a pacC®5 background (Fig. 3A). Figure 3A also shows that
the pacC504 mutation decreases the mobility of the complex
formed by the processed form of PacC under both acidic and
alkaline growth conditions. High-resolution EMSA analysis
(Fig. 3B) confirmed this decreased mobility and showed that
the processed PacC complex is resolved into at least two bands,
which are seen with both wild-type and pacC504 extracts, ex-
cluding the possibility that they result from alternative trans-
lational initiation at Met codons 1 and 5 and suggesting C-
terminal heterogeneity of the processed form. These data
strongly suggest that Met5 is the major translation initiation
residue and that, by mutating codon 5 to an Ile codon, pacC504
forces the use of Met codon 1 for initiation. Therefore, the
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major translation product contains 674 residues (not 678).
However, to avoid confusion with the previous literature, we
will continue numbering from Metl. In addition, the mobility
shift resulting from the pacC504 mutation demonstrates that
processing removes only residues C terminal to the DNA bind-
ing domain, leaving the N terminus intact.

Certain alkalinity-mimicking missense mutations facilitate
the accessibility of PacC to the processing protease. Sequenc-
ing of mutant pacC alleles revealed that three alkalinity-mim-
icking pacC® mutations, pacC39, -63, and -69, are missense
mutations resulting in the substitutions L266F, L259R, and
L3408, respectively (Table 3). pacC39 has a weak and ther-
mosensitive phenotype and is only partially constitutive, as
judged by its partial suppression of palB7 (in contrast to com-
plete suppression by all other characterized pacC® mutations
(1, 6). Correlating with the subtle phenotype, PacC processing
in a pacC°39 strain was partially constitutive (i.e., somewhat
elevated under acidic growth conditions but more so under
alkaline growth conditions) (Fig. 4A). In contrast to the pH-
dependent processing seen in the pacC39 strain, PacC pro-
cessing was fully constitutive in strains carrying the phenotyp-
ically more extreme pacC63 and pacC69 mutations (Fig. 4A),
thus resembling processing in pacC® strains having a truncated
PacC protein (25). The L340S (pacC<69) substitution maps at
a considerable distance from the processing site (see below)
and from the L266F (pacC39) and L259R (pacC63) substi-
tutions. These mutations are therefore unlikely to favor pro-
tease recognition, suggesting instead that they modify the ac-
cessibility of PacC to the processing protease.

An acidity-mimicking deletion mutation preventing pH sig-
nal reception. pacC*'~ 20205 is an extreme-acidity-mimicking
loss-of-function mutation whose mutant product differs from
wild-type PacC mainly through deletion of residues 465
through 540 (Table 3). Phenotypically, pacC*/~20205 strains
closely resemble strains having null mutations in the palA, -B,
-C, -F, and -H genes (1, 6, 10, 24) of the pH signal transduction
pathway. Unlike pacC null mutants or strains having mutations
such as pacC*/~206 and pacC*'~230 (see below), whose low
PacC protein levels probably result, at least in part, from in-
stability of the mutant proteins, pacC*'~20205 strains grow
and conidiate normally under acidic and neutral conditions at
both 25 and 37°C. The pacC*/~20205 mutation (Fig. 4B)
markedly reduces PacC protein levels in extracts and largely
prevents processing under neutral growth conditions (whereas
wild-type PacC is nearly fully processed) (note that
pacC™'~20205 strains do not grow under alkaline growth con-
ditions). These data strongly suggest that one or more residues
in the deleted region (residues 465 to 540) are involved in pH
signal reception or its conformational consequences and that
their absence, coupled with retention of the 138 C-terminal
residues, results in insensitivity to the processing protease. If
the only function absent from the mutant protein was the pH
signal reception or response, an additional deletion at the C
terminus should lead to pH-independent processing and alka-
linity mimicry. The pacC°202 frameshift mutation (39) trun-
cates PacC at residue 464 and results in pH-independent pro-
cessing (25), strongly supporting this conclusion.

Neutrality-mimicking mutations: a new class of pacC muta-
tions. Selection and characterization of alkalinity- and acidity-
mimicking mutations in PacC have been described previously
(1, 6, 25, 39). Except for pacC50, which truncates the protein
after residue 266 (25), no mutations truncating PacC upstream
of residue 464 and resulting in an alkalinity-mimicking, consti-
tutive phenotype have been characterized (39). To character-
ize PacC further and define more precisely the site and re-
quirements of processing, we sought mutations in the interval
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TABLE 3. Mutant sequence changes in pacC and resulting proteins

Genotype Phenotype Mutation Mutant protein Reference
pacC504 (pacCs) I G835C (C2528T) MSI (5—523%)¢ 39
pacC7604 +/- AC1426 5—173 QSLDLATQI* 39
pacC508 +/— AC1631 5—224 SHRTRLTATSTTL* 39
pacC515 +/- 1641+A 5—227 KPVLROQRLLRSEYRPRASPSVV*  This work
pacC230 +/— AT1675 5—238 KPAQSLTKRRMNPRSGVMMRL This work
MSSLVTSSADNLTLIPTLPWASACSVC
RTCPCLF*
pacC20000 c/— 1711+C 5—251 QEAGL* This work
pacC63 c T1734G L259R This work
pacC20601 c/— G1739T 5—260* This work
pacC39 c (ts)” C1754T L266F This work
pacC50 c A1758T 5266 This work
pacC20603 c AC1792 5—278 WASACSVCRTCPCLF* This work
pacC20602 c/— C1817T 5287 This work
pacC206 +/= AT1888; T1891C 5—310 SLVVHMVAALTLRRHIIFHQ* This work
pacC20604 (pacC206) c/— AG1913 (AT1888; T1891C) 5—310 SLVVHMVAPSPCAGISSSTNE This work
QRPNQERLDQHRPVPAANAGHNI*
parC2020508 c A1949—1950 5—330 EQRPNQERLDQHR- This work
PVPAANAGHNI*
pacC2020503 c A1959—1961; 1958+ATT 5—333 D* This work
pacC69 c T1977C L340S This work
pacC67 c AC218; A2182T 5—407 ILRTPLRLALRL* This work
pacC75 c C2250G 5—430* This work
pacC202 c A2353—-2555 5—464 IDRPGSPFRISGRG* 39
pacC20205 (pacC202) +/— AC2577 (A2353—2555) 5—464 IDRPGSPL 541—678* This work
pacCl4 c C2437A 5—492* 39
pacC5 c C2528T 5—523* 39
pacC2020515 and pacC2020516¢ c CT560T and C1932T 5—464ID* and A323V, respectively This work
(pacC202 pacC20205) (A2353—2555; A2557)
pacC200 2690+T 5—>578 T* 39

“ The presence of the pacC5 mutation prevents the assessment of the phenotype of pacC504.

b ts, thermosensitive phenotype.

¢ Both mutations are present in the same revertant, which has a constitutive phenotype.

@ Asterisks denote stop codons.

between the most-downstream characterized partial loss-of-
function mutation, pacC*'~515, which truncates the protein
after residue 227 (39), and codon 464 (Table 3). One technique
employed was the reversion of two new extreme-acidity-mim-
icking loss-of-function mutations (Tables 1 and 3; Fig. 1),
pacC*'~20205 (described above) and pacC"'~206. pacC*'~206
truncates the normal protein sequence after residue 310 and
results in very low PacC protein levels (data not shown).
Among the mutations selected in this way were alkalinity-
mimicking mutations such as pacC°20603 and pacC2020503,
which truncate the normal protein sequence after residues 278
and 333, respectively (Tables 1 and 3; Fig. 1). In addition,
mutations representing a new class were obtained (Tables 1
and 3; Fig. 1). These neutrality-mimicking or constitutive-de-
repressed (pacC” ™) mutations have a range of phenotypes but,
in each case, share some aspects of the phenotypes of both
alkalinity-mimicking and acidity-mimicking mutations. They
do not respond to ambient pH and typically have rather high
levels of both alkaline and acid phosphatases. Frequently they
also lead to resistance to both molybdate (resembling pacC®
mutations) and neomycin (resembling pacC*™'~ and pacC~
mutations) toxicities. Neutrality-mimicking mutations also in-
clude pacC®~ 20000, which was selected as alleviating the
strongly alkalinity-mimicking phenotype of the pacC°200 mu-
tation (39). Particularly noteworthy is pacC“~ 20604, which
replaces the final 12 residues of the 20-residue abnormal
PacC206 C terminus by 36 residues, which are also abnormal
but are encoded by a different reading frame, showing that low

levels of the pacC*'~206 mutant product are possibly due to its
abnormal, frameshifted C terminus.

Determination of the processing limit of PacC. We previ-
ously proposed that the PacC proteolytic processing limit
would be around residue 270 (25). We have characterized
several truncating mutations by SDS-polyacrylamide gel elec-
trophoresis (SDS-PAGE) immunoblot analysis and high-reso-
lution EMSA (Fig. 5) to determine this limit with greater
precision. In Western analysis, the wild-type processed form,
which appears as a doublet (in agreement with EMSA [Fig. 3A
and 5]), showed a slight increase in mobility compared to the
truncated pacC°50 and pacC?~20601 products and a slight
decrease compared to the pacC*/~515 product, indicating that
the processing site would be located between residues 250 and 260
(see Fig. 5 for predictions of M,). However, the pacC®~ 20000
product showed unexpectedly reduced mobility, whereas the
pacC*'~515 product showed a minor band with reduced mo-
bility which was not observed for the pacC*/~ 508 protein (Fig.
5). Small differences in mobility leading to these inconsisten-
cies might reflect differences in amino acid composition, which
affects mobility because it affects SDS binding to the polypep-
tide (and consequently the charge/mass ratio). Basic proteins,
acidic proteins, and proteins rich in proline show abnormally
reduced mobility by SDS-PAGE (16), and even alterations of
a single amino acid change the mobility of p21 ras in SDS-
PAGE (32). Both pacC® 20000 and pacC*/~515 are truncat-
ing mutations introducing frameshifted residues at the C ter-
mini of their products (Table 3). pacC®~20000 removes the
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FIG. 4. Single-amino-acid substitutions resulting in pH-independent process-
ing and a deletion resulting in pH insensitivity. EMSAs were performed with the
indicated protein extracts. (A) PacC phenotype of single-amino-acid substitution
mutations leading to alkalinity mimicry. (B) PacC phenotype of pacC™/~20205.
This acidity-mimicking mutation prevents growth under alkaline conditions. N,
neutral pH conditions.

two basic amino acid clusters and introduces a glutamate res-
idue in the frameshifted sequence. Its resulting ~65 C-termi-
nal residues (in a 252-residue protein, starting from Met5)
contain no basic (but some acidic) residues and are proline
rich. We suspect that one or more of these features may reduce
SDS binding and consequently mobility. The pacC*/~515 pro-
tein has a 22-residue out-of-frame sequence at its C terminus,
including 6 hydrophobic, 6 basic, and 3 proline residues.

Our sensitive EMSA gave much greater resolution than
Western blots. In addition, it did not yield the inconsistency
detected by Western blotting for the pacC®~ 20000 product
and resolved a single band with pacC*/~515 extracts, greatly
facilitating the approximate localization of the proteolysis site.
This presumably results from the fact that the net charge of the
PacC-DNA complex is determined mostly by DNA phos-
phates, and therefore mass changes in the protein moiety are
faithfully translated into mobility changes of the complex. In
this high-resolution EMSA, extracts from a pacC50 (truncat-
ing PacC after residue 266) strain revealed a prominent com-
plex of lower mobility than the processed wild-type PacC.
Wild-type PacC complex is resolved as a doublet, possibly
indicating heterogeneity at the C terminus (Fig. 3 and 5). A
minor band, resulting from inefficient processing of the
pacCe50 protein, has wild-type mobility (Fig. 5). Therefore, the
C terminus of the processed form must be upstream of residue
266. A similar result with pacC”~20601 mutant extracts (Fig.
5) placed the proteolysis limit upstream of residue 260. In
contrast, the complex formed by extracts of the pacC*/~515
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strain was slightly more mobile than that with the wild-type
processed form. Finally, the pacC”~ 20000 strain extracts gave
a complex with very slightly reduced mobility. The data in Fig.
5 enabled us to interpolate from a semilogarithmic plot of
mutant protein M, versus relative complex mobility that the
most upstream C-terminal limit of the processed PacC form,
corresponding to the faster band seen in the wild type, is likely
to be within the basic tripeptide Lys252-Lys253-Arg254 or in
its immediate vicinity.

Proteolytic requirements C terminal to the processing limit.
pacC€14, a chain termination mutation which truncates PacC
after residue 492 (39), results in pH-independent processing
and elevated levels of processed PacC levels (Fig. 6) (25).
Further C-terminal truncation (Table 3 and Fig. 1) to residue
464 (pacC°2020515) or 430 (pacC<75) had the same effect (Fig.
6). Truncation at residue 407 (pacC67) still resulted in nearly
complete processing but led to markedly reduced PacC levels
(Fig. 6), in keeping with its relatively weak alkalinity-mimick-
ing phenotype. Proteins truncated to residue 333
(pacC<2020503) or 330 (pacC2020508) (Table 3; Fig. 1) were
largely unprocessed under acidic growth conditions (Fig. 6).
Extracts of strains carrying either of the latter two mutations
formed, in addition to retardation complexes corresponding to
(truncated) unprocessed and normally processed forms of
PacC, a new complex having a mobility similar to that of the
unprocessed pacC50 (truncating after residue 266) and
PacC(5-265) forms (Fig. 6). PacC in pacC50 and
alcAP::PacC(5-265) strain extracts is largely unprocessed (Fig.
5, 6, 7, and 8). PacC in extracts of a pacC20603 strain (trun-
cated after residue 278 but with a frameshifted 15-residue C
terminus) is present at a relatively low level and processed such
that the main complex is approximately equivalent in mobility
to that of pacC50. We conclude that PacC residues 407 to 678
are not required for processing but that truncating the protein
at residue 333 or further upstream largely prevents it. Trunca-
tion at residue 333 or upstream also gives rise to an aberrant
processing product.

The processing protease does not require a specific se-
quence at the PacC proteolysis site. To determine whether
PacC processing requires particular sequences at the proteol-
ysis site, we constructed a mutant allele (pacCAI) driving ex-
pression (under alcAP control) of a PacC protein with residues
235 to 264 deleted (Table 2; Fig. 1). This 30-residue deletion
resulted in constitutive processing under acidic growth condi-
tions, giving a retardation complex indistinguishable in mobil-
ity from the processed wild-type pacC gene product (Fig. 7A).
This implies that the PacC-processing protease does not re-
quire a specific target sequence (and also indicates that dele-
tion of these 30 residues facilitates processing). To ensure that
the processing of this deletion protein was not atypical, two
further constructed deletion alleles plus a frameshift mutation
obtained by classical genetics were analyzed for their effects on
processing. Full-length PacC proteins with residues 251 to 270
(pacCA2 allele) or 235 to 300 (pacCA3 allele) deleted (Table 2;
Fig. 1) resemble the pacCAl product in yielding processed
products indistinguishable in mobility from the wild type by
EMSA (Fig. 7B and D). The acidity-mimicking pacC*'~230
frameshift mutation truncates the normal protein sequence
after residue 238, which is then followed by 55 residues en-
coded in the —1 reading frame (Table 3; Fig. 1). pacC*'~230
results in low PacC levels, but processing appears to remove
~40 frameshifted residues so that the retardation complex is of
processed wild-type size (Fig. 7C). These results strongly sug-
gest that the protease recognizes PacC sequences or structural
features located upstream of residue 235 and cleaves the pro-
tein at a distance downstream from the recognition site.
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FIG. 5. Mapping of the C terminus of the processed form. The halftone on the left shows an enlarged portion of an SDS-11% PAGE immunoblot analysis showing
the mobilities of different mutant truncated PacC proteins compared to that of the wild-type processed form. The right halftone is an EMSA autoradiogram showing
the mobilities of complexes formed by the wild-type PacC processed form and by several mutant proteins truncated in the vicinity of the C terminus of this processed
form. Culture conditions were as in Fig. 2. Acidic growth conditions were used for all mutant strains. The amino acid sequence of the region surrounding the predicted
processing site is boxed, with the positions of key mutations indicated (see also Table 3). An asterisk denotes a stop codon. The table shows the predicted M,s (starting
at Met5) of hypothetical or derived (where mutations are indicated) proteins ending at the indicated positions.

PacC processing can occur in yeast if pH signalling is by-
passed. Homologues with regard to the DNA binding domain
of PacC have been described for the yeasts S. cerevisiae and
Yarrowia lipolytica (18, 36). The RIMS, -9, and -13 genes of S.
cerevisiae (35) and the PAL1, -2, -3, and -4 genes of Y. lipolytica
(18) are very likely to be functional homologues of the A.
nidulans pal genes mediating ambient pH signal transduction
(see Discussion). In particular, the RIM9- and pall-derived
translation products show significant sequence similarity (9). S.
cerevisiae Rim1p, whose DNA binding domain is homologous
to that of PacC (39), also undergoes pH-dependent C-terminal
proteolytic processing (20). This raises the question of whether
the processing protease might be functionally conserved be-
tween S. cerevisiae and A. nidulans.

In A. nidulans, mutational C-terminal truncation of PacC
obviates the requirement for the pal pH signal transduction
pathway for processing. For example, pacC°I4, an extreme-
alkalinity-mimicking mutation encoding a protein truncated
after residue 492 (39), results almost exclusively in the pro-
cessed form of PacC irrespective of growth conditions (Fig. 6
and 8) (25). When various lengths of the pacC coding region
were expressed in S. cerevisiae under GALIP control (Fig. 8),
expression of PacC(5-492) led to considerable processing, giv-
ing a major retardation band with approximately the same
mobility as the processed form in A. nidulans extracts. In ad-

dition, yeast extracts contained a processed PacC form giving a
slightly lower-mobility complex, approximating that formed by
pacCe50 strain extracts (Fig. 8, lane 6). As in A. nidulans,
PacC(5-265) is only very partially processed in S. cerevisiae
(Fig. 8). Very little processing of the full-length PacC(5-678)
protein occurred (Fig. 8). Taken together, these data indicate
that appropriate PacC processing can occur in S. cerevisiae
provided that mutational truncation has bypassed the need for
the protease-sensitizing modification introduced by the pH
signal transduction pathway. The presumed equivalent S. cer-
evisiae signal transduction process, if present, must not have
been properly activated under the growth conditions used or
cannot recognize the A. nidulans PacC protein (whose similar-
ity to Rim1p is confined to the DNA binding domain).

DISCUSSION

According to the current model of pH regulation in A. nidu-
lans (25), the full-length primary translation product is inac-
tive. In response to alkaline ambient pH, the pal pathway
mediates a modification of PacC which sensitizes it to a pro-
teolytic activating step to yield a processed form of PacC com-
petent in structural gene regulation. This work provides evi-
dence for two key aspects of the model. First, relative-stability
studies support a precursor-to-product relationship between
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FIG. 6. Processing of mutant pacC® proteins truncated upstream of residue
492. EMSAs were performed with the indicated protein extracts. All cultures
were grown under acidic conditions, using PPB with 3% sucrose, except that for
lane 10, which was grown under inducing (and acidic) conditions for alcAP.
Closed and open thick arrows denote the full-length and processed wild-type
PacC proteins, respectively. Thin arrows in the enlarged portion of the autora-
diogram indicate the position of the wild-type processed form. Numbers within
brackets after mutations show the C-terminal residues of the products, with the
number of additional residues added after frameshift mutations preceded by a +.
See Table 3 for details.

the two PacC forms detected in extracts. The full-length form
has a relatively short half life, as a result of its conversion to the
much more stable processed form. Second, we confirm that
PacC processing requires the pal signal transduction pathway.
Mutational inactivation of this pathway does not affect stability
of the processed form of PacC but markedly stabilizes the
full-length form.

Using pacC504, which results in an MS5I substitution and
shifts translational initiation to codon 1, we demonstrated that
proteolytic processing does not remove N-terminal residues
and showed that the major translational initiation codon for
PacC is AUG codon 5. The context of pacC codon 5 conforms
more closely than that of codon 1 to the consensus for a strong
initiation codon deduced for the A. nidulans areA gene (2). The
fact that pacC504 does not lead to a loss-of-function phenotype
shows that codon 1 is competent in translational initiation,
even if it does not prevent leaky scanning. It is therefore
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possible that in the wild type a minor proportion (below cur-
rent detection limits) of translation initiates at codon 1.
PacC processing is the pH-sensitive step leading to changes
in gene expression in response to ambient pH. The activity of
the processing protease is apparently not pH regulated, as
C-terminal truncating pacC® mutations result in alkalinity
mimicry and pH-independent processing (reference 25 and
this work). Thus, the actual pH-regulated step is very likely to
be the transition of PacC from a protease-insensitive to a
protease-sensitive conformation. Under acidic growth condi-
tions, interactions between C- and N-terminal moieties dis-
rupted by C-terminal truncations would help maintain PacC in
the protease-inaccessible conformation. Among the predic-
tions of this model are that (i) pacC mutations outside the C
terminus should also disrupt such interactions and result in
pH-independent processing and a pacC® phenotype and (ii)
pacC mutations rendering the protein insensitive to the alka-
line pH signal or locking it in the protease-inaccessible con-
formation should result in a loss-of-function, acidity-mimicking
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FIG. 7. Processing of PacC mutant proteins lacking the processing site.
EMSAs of the indicated protein extracts were performed with the synthetic
ipnA2 site as a probe. The arrows indicate the mobility of the complex formed by
the processed PacC form. In panels A, B, and D, expression of indicated mutant
PacC proteins was driven by alcAP and repressing or inducing growth conditions
were used, as indicated below. (A) Data for PacC(5-234::265-678). Inducing (also
acidic) growth conditions were used for alcAP. The low levels of the full-length
form in lane 4 (wild type) are probably due to alkalinization resulting from
threonine catabolism throughout growth. (B) Data for PacC(5-250::271-678). In
lanes 1 and 2, mycelia pregrown under repressing conditions were transferred for
6 h to acidic inducing (I) or repressing (R) conditions, as indicated. (C) Data for
pacC*/7230. Acidic growth conditions were used (in lane 2, alcAP inducing
conditions were also used). (D) All cultures were grown under acidic conditions.
In lanes 2 and 3, mycelia were pregrown under repressing conditions and trans-
ferred for 6 h to repressing (R) or inducing (I) conditions, as indicated.
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FIG. 8. Processing of PacC in S. cerevisiae. In lanes 1 to 6, cultures of yeast
strains containing the indicated constructs were grown under inducing or re-
pressing conditions for GALIP and used to prepare protein extracts, which were
assayed by EMSA for PacC DNA binding activity. Control A. nidulans extracts
were included, as indicated. Arrowheads denote the appropriately processed

product in S. cerevisiae, whereas an aberrantly processed product is starred. wt,
wild type.

phenotype. The L259R, L266F, and L340S substitutions are
very likely to fall into the former class. The acidity-mimicking
pacC™'~20205-containing allele is an example of the latter.

Leucine residues at positions 259, 266, and 340 are probably
involved, directly or indirectly, in processing-preventing inter-
actions with the C terminus. Constitutive (pH-independent)
processing of mutant proteins with residues 235 to 264 or 251
to 270 deleted confirms the involvement of the environs of the
processing site in interactions preventing processing and pro-
vides compelling evidence against the alternative interpreta-
tion that the L259R and L266F substitutions increase affinity
for the processing protease (a possibility that would otherwise
be formally equivalent to increased accessibility). The involve-
ment of Leu340 in interactions with the C terminus has been
established (13).

Analysis of a collection of PacC proteins mutationally trun-
cated in the environs of the processing site(s) indicated slight
heterogeneity at the C terminus of the processed form, with
the most amino-proximal processing site located within or in
the immediate vicinity of the basic sequence Lys252-Lys253-
Arg254 and the most amino-distal limit located a further four
residues downstream (Fig. 3 and 5). Processing requires a
certain polypeptide chain length downstream of the proteolysis
site. Truncation at residue 407 or downstream allows faithful
and efficient processing. In contrast, PacC proteins ending at
residue 265 or 266 (i.e., 13 or 14 residues downstream of
Lys252) are inefficiently processed. Extension to residue 278 or
330 somewhat improved processing, although a significant pro-
portion of the processed product was larger than the wild-type
processed form, indicating aberrant processing. The sizes of
these aberrant processing products appear to be very similar to
that of an unprocessed product having Leu266 at its C terminus.

Internal deletion of the processing site(s), removing 17 res-
idues upstream and 10 residues downstream of the Lys252-
Lys253-Arg254 tripeptide, did not prevent processing, indicat-
ing a lack of specificity of the protease at the cleavage site. The
processed mutant product is indistinguishable in size from the
wild type and cannot result from processing at the downstream
Lys267-Arg268-Arg269 tripeptide, as the resulting protein (233
to 235 residues beginning from Met5) would be detectably
smaller than the wild-type processed form (248 to 250 resi-
dues). In addition, proteins with residues 251 to 270 or 235 to
300 deleted (therefore with both basic tripeptides removed)
are efficiently and faithfully processed to wild-type size. This
strongly suggests that the protease recognizes sequences or
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structural features of PacC upstream of residue 235 and
cleaves at a distance downstream from the recognition se-
quence. Analysis of the pacC*’~230 product strongly supports
this conclusion, as the 55-residue frameshifted peptide follow-
ing residue 238 is appropriately cleaved, giving a processed
form of approximately wild-type size. This not only confirms
the lack of specificity at the cleavage site but shows that a
completely different amino acid sequence can fulfil the mini-
mum requirement for residues C terminal to the cleavage site
for faithful processing.

A similar situation in which a processing protease cuts at a
distance from its specificity determinants has been described
for processing of the NF-kB and NF-kB2 p50 and p52 precur-
sors, p105 (21) and p100 (4), respectively. The involvement of
the ubiquitin-proteasome pathway in this reaction seems to be
well established (26, 27) but raises questions of how a protein
which has been ubiquitin tagged for proteasome-mediated pro-
teolysis is not entirely degraded (27). Evidence presented by
Lin and Ghosh (21) strongly suggested a two-step mechanism
involving a signal-dependent endoproteolytic cleavage of p105
followed by degradation of the C-terminal moiety. They also
demonstrated the presence of a context-independent 23-ami-
no-acid signal ending 38 residues upstream of the target pep-
tide bond which provides the cleavage specificity for the re-
lease of p50 from pl05. This two-step mechanism would
satisfactorily explain the partial degradation of the precursor,
in which proteasome-dependent proteolysis of the released
C-terminal fragment would be governed by the N-end rule
(21). In common with our data for PacC, specific sequences at
the cleavage site of p105 are not required. A similar conclusion
was reached by Betts and Nabel (4) for processing of NF-kB2
p100.

A. nidulans PacC is a prototype of a family of filamentous
fungal and yeast transcription factors having a homologous
three-zinc-finger DNA binding domain and undergoing activa-
tion by proteolytic processing. S. cerevisiae Rimlp is also pro-
teolytically activated in response to alkaline ambient pH (20).
rim] mutants show poor growth at low temperatures, altered
colony morphology, inefficient sporulation, and defective inva-
sive growth (20, 35), but the connection between these pheno-
types and the absence of transduction of a pH-dependent sig-
nal through Rimlp is unclear. In contrast, it is well established
that Y. lipolytica YIRim101p mediates pH regulation (18). Al-
though proteolytic activation of YIRim101p is to be expected,
based on the alkalinity-mimicking phenotype of C-terminal
truncating mutations (18), it has not yet been reported.

Genes involved in transducing the ambient pH signal have
been genetically identified in S. cerevisiae (RIMS, -9, and -13
[20, 35]) and Y. lipolytica (PALI, -2, -3, and -4 [18]), and they
might be isofunctional homologues of A. nidulans pal genes.
Indeed, S. cerevisiae Rim9p shows 36.7% identity over 180
residues, including nearly all of the four hydrophobic, putative
transmembrane segments, to A. nidulans Pall, but it lacks any
sequence corresponding to the very basic, hydrophilic, C-ter-
minal ~400 residues of Pall (9). Sequence comparisons have
also been useful in identifying putative yeast homologues of
deduced pal gene products. Thus, PalB, which is likely to be a
cysteine protease of the calpain family (10), shows significant
similarity to the derived translation product of S. cerevisiae
YMR154c in the catalytic domain and PalB homology domain
(34). PalA shows 30.2% identity over 732 residues to the de-
rived translation product of S. cerevisiae YOR275c (24). PalF
shows short regions of similarity to derived translation prod-
ucts of S. cerevisiae YGL045w and YGL046w (23). The ability
of C-terminally truncating gain-of-function mutations in RIM1
and YIRIMI10I to bypass loss-of-function mutations in their



1400 MINGOT ET AL.

respective signal transduction genes strongly suggests that the
PacC model applies to its yeast homologues. However, the
considerable sequence divergence in putative signal transduc-
tion homologues as well as within the transcription factors
themselves outside the DNA binding domain (18, 39) provides
a possible rationale for why the PacC primary translation prod-
uct fails to undergo significant processing in S. cerevisiae (at
least under the growth conditions tested). Very significantly,
however, a mutant form of PacC truncated after residue 492,
whose processing is independent of ambient pH (i.e., pal path-
way) signalling, underwent processing to the correct size in S.
cerevisiae, although some processing was aberrant. Thus, ap-
propriate processing of PacC can definitely occur in yeast. An
important question for the future is whether the same proteo-
lytic activity is responsible for PacC and Rim1p processing and
would thus represent a conserved proteolytic control point for
transcription factors of the PacC-Rim1p family.
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