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HISTORICAL INTRODUCTION TO pH REGULATION

Many microorganisms, particularly if they are able to grow
over a wide pH range, tailor gene expression to the pH of their
growth environment. Genes whose expression is likely to be
influenced by ambient pH include those involved in the provi-
sion of secreted enzymes, permeases, and exported metabo-
lites, all of which must function at ambient pH, and probably
also those involved in internal pH homeostasis. Observations
suggesting that gene regulation can respond appropriately to
ambient pH extend back more than half a century for bacteria
(49, 50; for reviews, see references 46, 46a, 57, and 65) and at
least a quarter of a century for fungi (25, 72, 89, 107, 123).

The groundwork for a systematic investigation of ambient
pH regulation of gene expression in fungi was unknowingly laid
by Gordon Dorn. Dorn (34, 35) selected a large number of
mutations affecting acid and/or alkaline phosphatase in As-
pergillus nidulans and found that they identified an unexpect-
edly large number of genes. He originally proposed that the
phosphatases are hetero-oligomeric, a hypothesis that his sub-
sequent biochemical studies failed to confirm. However, by
monitoring both secreted acid phosphatase, an enzyme synthe-
sized under acidic growth conditions, and secreted alkaline
phosphatase, an enzyme synthesized under alkaline conditions,
he contributed both a methodology and experimental material
which were to be crucial to the study of pH regulation.

Our involvement in pH regulation dates back to the mid-
1960s, when one of us (H.N.A.) was doing a Ph.D. at the
University of Cambridge under the supervision of David Cove,
who had selected a number of mutations conferring resistance
to molybdate toxicity in Aspergillus nidulans in the hope that
they would prove useful in the analysis of nitrate reductase and
the molybdenum-containing cofactor it shares with other mo-
lybdo-enzymes. In the course of mapping these mutations, I
used a number of Dorn’s mutants. Unexpectedly, many of the
mutations selected by Dorn resulted in resistance or hypersen-
sitivity to molybdate toxicity (1, 4), a finding which was to
remain enigmatic for the better part of two decades. The next
pleiotropic effect emerged when it was found that Dorn’s
pacCe5 mutation reduced y-aminobutyrate (GABA) transport
(2). An apparently altered electrophoretic mobility (35) led to
the mistaken proposal that pacC encodes a secreted acid phos-
phatase involved in the synthesis, membrane integration, or
functioning of certain permeases, notably those for GABA and
molybdate (2). The hypothesis was to be discarded, but GABA
transport analysis has proved invaluable in investigating pH
regulation.

Shortly afterward, Mark Caddick embarked on a Ph.D. His
thesis (14) contains suggested likely roles for nearly every gene
Dorn had identified (15, 17, 109). Reproducibility of the al-
tered electrophoretic mobility attributed to pacC5 proved elu-
sive (14), and, from what is now known, any such altered
mobility in a pacC mutant is likely to have resulted from an
effect on glycosylation of the acid phosphatase (93, 131).

pH REGULATION IN ASPERGILLUS NIDULANS

pH Regulatory Domain

Identified Aspergillus nidulans genes subject to regulation by
ambient pH can be classified into three categories: those en-
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coding secreted enzymes, those encoding permeases, and those
encoding enzymes involved in synthesis of exported metabo-
lites. pH-regulated genes encoding secreted enzymes include
pacA encoding acid phosphatase (15, 17), xInB encoding a
xylanase (75, 98), abfB encoding an a-L-arabinofuranosidase
(54), and one or more genes encoding an acid phosphodies-
terase(s) (16, 17), all expressed preferentially under acidic
growth conditions, as well as palD encoding alkaline phospha-
tase (15, 17), prtA encoding an alkaline protease (62, 122, 128),
and xinA encoding a xylanase (75, 96, 98), all expressed pref-
erentially under alkaline growth conditions. pH-regulated
genes encoding permeases include gabA encoding a GABA
transporter having an acidic pH optimum and expressed pref-
erentially at acidic ambient pH (6, 17, 39, 59). Indirect evi-
dence suggests that a molybdate permease might be synthe-
sized preferentially under acidic conditions (4, 17). pH-
regulated genes involved in synthesis of exported metabolites
include the preferentially alkaline-expressed acvA encoding
8-(L-a-aminoadipyl)-L-cysteinyl-D-valine synthetase and ipnA
encoding isopenicillin N-synthase, the first two enzymes of
penicillin biosynthesis (40, 42, 112, 121), as well as the prefer-
entially acid-expressed stcU encoding a ketoreductase cata-
lyzing the reduction of versicolorin A and participating in syn-
thesis of the toxin sterigmatocystin, which, in certain other
Aspergillus species, is a precursor of aflatoxins (9, 64). Addi-
tionally, one or more activities involved in the toxicity of ami-
noglycosides such as neomycin and kanamycin appears to be
under ambient pH control such that toxicity is greatest under
alkaline growth conditions (17). The pacC gene encoding the
transcription factor mediating pH regulation is itself preferen-
tially expressed at alkaline pH (122).

Formal Genetics of pH Regulation

Mutations affecting pH regulation fall mainly into two cat-
egories. The first is that of alkalinity-mimicking mutations
which, irrespective of ambient pH, lead to a pattern of gene
expression similar to that in the wild type grown under alkaline
conditions. These mutations, for example, reduce GABA
transport and acid phosphatase, increase alkaline phosphatase
levels, and result in molybdate resistance and neomycin hyper-
sensitivity (Table 1). The second category is that of acidity-
mimicking mutations which, irrespective of ambient pH, lead
to a pattern of gene expression similar to that shown by the
wild type grown under acidic conditions and show the opposite
phenotype to mutations in the first category (17, 122). For
example, they prevent or reduce growth at alkaline pH, reduce
alkaline phosphatase levels, increase GABA transport and acid
phosphatase levels, and confer neomycin resistance and mo-
lybdate hypersensitivity (Table 1). In addition, a small number
of mutations have a neutrality-mimicking phenotype irrespec-
tive of ambient pH in which the pattern of gene expression
approximates that of the wild type grown at pH 6.5 or has a
heterogeneous mixture of alkalinity-mimicking and acidity-
mimicking characteristics (83).

pH regulation is mediated mainly by seven genes, pacC,
palA, palB, palC, palF, palH, and pall, where mutations lead to
either alkalinity, acidity or, occasionally, neutrality mimicry.

Acidity-, alkalinity- and neutrality-mimicking mutations
have been obtained in pacC (17, 33, 39, 83, 95, 122). This
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TABLE 1. Approximate plate test phenotypes of A. nidulans mutations affecting pH regulation?
Growth” in the ~ Growth® in the Acid Alkaline GABA
R Growth at ~ Growth at el
elevant genotype 25°C H 8 presence of presence of phosphatase ~ phosphatase utilization® in
P MoO,*~ neomycin staining? staining? areA” strain
pacCe +++ +++ ++ - - ++ -
Wild type +++ +++ + + + + -
pacC™7 - - - +++ +++ - ++
pacC*'~, palA~, palB~, palC~, palF~, palH~ +++ - - +++ +++ - ++
pall~, palF*'~, palH"'~ +++ + - +++ ++ - ++

“ Unless otherwise specified, growth is at 37°C on appropriately supplemented minimal medium at pH 6.5.

» Concentration range, 20 to 30 mM.

¢ Concentration range, 0.5 to 2 mg/ml.

4 On medium lacking phosphate.

¢ As the sole nitrogen source. See reference 3.

/ Growth scores take into account a reduction of growth on all media.

phenotypic heterogeneity reflects the more direct involvement
of the pacC product (the key transcription factor, see below) in
regulation of gene expression by ambient pH. The pacC acro-
nym reflects the loss of acid phosphatase at acidic pH charac-
teristic of the (numerous) alkalinity-mimicking gain-of-func-
tion class (34), denoted pacC¢ (although strictly speaking these
mutations are “constitutive” only for expression of alkali-
expressed genes and are “superrepressed” for acid-expressed
genes irrespective of ambient pH [Fig. 1]). In contrast to pacC*
mutations, which are partially dominant to the wild-type allele,
mutations in the partial- and complete-loss-of-function class,
denoted pacC*'~ and pacC~, respectively, are mostly recessive

and lead to acidity mimicry. Neutrality-mimicking mutations
(which lead to simultaneous expression of both “acidic” and
“alkaline” genes) are denoted pacC”™.

In contrast to the above heterogeneity, only acidity-mimick-
ing mutations have been obtained in pald, palB, palC, palF,
palH, and pall (3, 17, 95, 122). Mutations in these six pal genes
are in all cases recessive and hypostatic to (i.e., phenotypically
masked or suppressed by) the vast majority of pacC mutations
(3, 17, 95; L. A. Rainbow, J. Tilburn, and H. N. Arst, Jr.,
unpublished data). Null mutations in pacC and the six pal
genes lead to strong acidity mimicry (31, 32, 90, 91, 122; H. J.
Bussink, M. A. Penalva, and H. N. Arst, Jr., unpublished data).
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FIG. 1. Formal genetic model of pH regulation in A. nidulans. PacC is synthesized as an inactive form whose activation requires a signal
transduced under alkaline pH conditions by the pal signaling pathway. The active form of PacC is a transcriptional repressor of acid-expressed
genes, such as pacA and gabA, and a transcriptional activator of alkaline-expressed genes, such as ipnA, prtA, and palD. Mutations inactivating pacC
(pacC~ or pacC"'™) or the pal signaling pathway lead to absence of expression of alkaline genes and derepression of acidic genes, which results
in acidity mimicry. Gain-of-function pacC® mutations bypassing the pal signaling pathway (i.e., leading to active PacC at any ambient pH) result
in permanent activation of alkaline genes and superrepression of acidic genes, which leads to alkalinity mimicry.
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FIG. 2. Schematic representation of PacC and its DNA binding
specificity. (A) Functionally relevant regions in PacC are shown, with
limits indicated by residue numbers. Interacting regions A, B, and C
are required for maintaining the closed PacC conformation (41). The
open box denotes the 24-residue signaling protease box (33). The
approximate positions of the signaling protease and the processing
protease cleavage sites are indicated by arrows. (B) Prediction of
specific contacts between residues in the reading a-helix of PacC zinc
fingers 2 and 3 and the PacC target hexanucleotide. Experimental
evidence and modeling (43) strongly suggest the contacts indicated by
the solid lines. Almost every base in both strands of the target site is
predicted to establish specific contacts with PacC zinc finger residues.
Dotted arrows indicate possible contacts of Asp127 and of Argl53,
whose side chain can be modeled as contacting either the phosphate
backbone or the O-4 atoms of both the T4’ and T5' thymines. Note that
finger 1 does not appear to be involved in specific contacts with DNA.

The model shown in Fig. 1 accommodates the formal genetic
data: at alkaline ambient pH, but not at acidic ambient pH, the
products of the six pal genes transduce a signal able to trigger
the conversion of the transcription factor encoded by pacC to
an active form able to activate the expression of alkali-ex-
pressed genes and to prevent the expression of acid-expressed
genes.

PacC Transcription Factor

The derived sequence of PacC contains 678 amino acids
(122). An MSI mutation (pacC504) (122) has been used to
show that most, possibly all, translation proceeds from methi-
onine codon 5, which would result in a 674-residue protein
(83). (Residue numbering, however, continues to be on the
basis of 678 residues to avoid confusion between earlier and
later publications [83].) The most notable feature of the de-
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rived translation product is the presence of three Cys,His, zinc
fingers beginning at residue 78 (Fig. 2A). A number of regions
are rich in certain amino acids (95), but the significance of this
is unclear with the possible exception of a glycine-plus-proline-
rich region beginning at residue 314 (see below) (41, 122). An
eye-catching feature is the presence of three perfect copies and
one imperfect copy of a 6-residue direct repeat in which the
perfect copies contain only acidic and glutamine residues
(122). Its significance is unclear but is not likely to be great,
since it is not present in isofunctional homologues from organ-
isms as closely related as Aspergillus niger and Penicillium chry-
sogenum (76, 119).

The specificity of the PacC zinc finger DNA binding domain
has been thoroughly analyzed using site-directed and classical
mutagenesis of both the DNA target and finger residues in-
volved in critical contacts, various footprinting techniques,
quantitative binding experiments, and molecular modeling (43,
122). These analyses indicate that finger 1 interacts with finger
2 rather than directly with the DNA and that finger 2 partici-
pates in extensive contacts with the 5" moiety of the binding
site while finger 3 binds the 3’ moiety (43). Both partially
purified PacC obtained from mycelial extracts and bacterially
expressed PacC bind DNA specifically, the core target se-
quence being 5'-GCCARG with a preference for T at —1 (43,
95, 122). Nearly every base of the core binding sequence ap-
pears to be involved in specific contacts (Fig. 2B) (43). A
GIn155-to-A4 contact (Fig. 2B) is crucial for binding, which is
abolished by either a GIn155Lys substitution or an A4-to-T
transversion (43, 95). However, although the sequence speci-
ficity for a single PacC binding site is very high, a tandem
arrangement of two sites in inverse orientation allows a relax-
ation of specificity (39). The almost complete conservation of
amino acid sequence in the reading (specificity determining)
a-helices of fingers 2 and 3 between PacC and its yeast homo-
logues (see below) strongly suggests that these factors will all
show the same binding specificity. Indeed, a functional Yl
(Yarrowia lipolytica) Rim101p site has been shown to be a
direct decameric repeat containing two direct repeats of the
above consensus (7).

Activation and Repression Roles of PacC

Detailed studies have been made of the roles of PacC in the
promoters of one alkali-expressed gene, ipnA, and one acid-
expressed gene, gabA (39, 40).

The bidirectional promoter lying between the divergently
transcribed acvA and ipnA genes contains five GCCARG sites
(designated ipnAl through ipnA4B) within the 872 bp sepa-
rating the coding regions of the two genes (40). The site closest
to acvA (ipnAl) has a negligible affinity for a bacterially ex-
pressed PacC fusion protein (40). The two sites closest to ipnA
are in inverse orientation, separated by 9 bp, and form the
double ipnA4AB site starting at —258 relative to the major
transcription start point (—699 with respect to the translation
start). The ipnA2 and ipnA3 sites are located at —593 and
—502 relative to the transcription start point, respectively. In-
terestingly, although ipnA2 has a fivefold-greater affinity for
PacC than does ipnA3 or the double ipnA4AB site, deletion of
both ipnA3 and ipnA4AB almost completely abolished the
elevation of ipnA expression under alkaline growth conditions
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as monitored by a fusion reporter gene (40). Deletion of ipnA2
alone reduced expression by nearly half, and triple deletion of
ipnA2, ipnA3, and ipnA4AB reduced expression about 20-fold,
making the expression level not significantly different from that
seen under acidic growth conditions (40). Deletion of ipnA3
reduced expression fivefold (40), and it has also been suggested
that ipnA3 is the most important PacC binding site for acv4
expression (121). The fact that deletion of PacC binding sites
can eliminate the elevation of ipnA expression which occurs
under alkaline growth conditions confirms the direct action of
PacC in activating the expression of an alkali-expressed gene
(Fig. 1).

The gabA promoter contains two inversely oriented, adja-
cent, PacC binding sites, one a consensus GCCAAG site and
the other a near-consensus GCCGAG site (39). These sites
overlap the site for the transcription factor IntA/AmdR medi-
ating induction by w-amino acids, with the consequence that
PacC and IntA/AmdR compete for binding (39). Thus, PacC
repression of gabA expression is direct and occurs through
blocking induction. Exchanging IntA/AmdR binding sites be-
tween the gabA and amdS (encoding acetamidase) genes ren-
ders gabA expression independent of ambient pH and amdS an
acid-expressed gene (39).

Mutational Analysis of pacC

pacC has been thoroughly analyzed genetically, and the mo-
lecular characterization of pacC mutations (33, 41, 43, 82, 95,
122) has been crucial for the understanding of PacC activation
by proteolysis (see below). Mutational truncations removing
between 92 and 412 residues from the C terminus of PacC
result in an alkalinity-mimicking (pacC¢) phenotype (83, 95,
122; Rainbow et al., unpublished), which revealed that the
C-terminal region of PacC contains a negative-acting domain
that is inactivated in the presence of alkaline-ambient-pH sig-
naling. Single-residue changes involving residues 259, 266, 340,
573, and 579 also lead to an alkalinity-mimicking pacC¢ phe-
notype (41, 83). The relatively large size of the region in which
alkalinity-mimicking mutations can occur accounts for the ease
with which they can be selected and for the erroneous proposal
(17), based on their high frequency, that they constitute the
loss-of-function class.

Many more N-terminal truncations result in an acidity-mim-
icking phenotype (partial loss-of-function pacC*/~ mutations),
and if the truncation extends into the zinc finger domain, a null
pacC~ phenotype results (83, 122; C. V. Brown, L. A. Rain-
bow, J. Tilburn, and H. N. Arst, Jr., unpublished data). The
null phenotype of pacC™ mutations includes cryosensitivity of
growth at the permissive pH of 6.5, a low growth rate at the
permissive temperature, poor conidiation, and overproduction
of a brown, presumably melanin, pigment (122; Brown et al.,
unpublished). Single-residue changes within the DNA binding
domain result in an acidity-mimicking phenotype whose sever-
ity correlates with the relative importance of the residue in
question in DNA binding (43; Brown et al., unpublished).
Truncations between residues 299 and 315 also result in an
acidity-mimicking phenotype, as do a truncation at residue 379
and a deletion of residues 465 through 540 (41, 83, 122; Brown
et al., unpublished). Some explanation for this is given in the
sections on processing and interactions (see below), but it
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should also be remembered that anything which reduces the
amount of PacC, such as pacC mRNA or PacC instability, will
make the phenotype more acidity mimicking to an extent com-
mensurate with the reduction in PacC levels.

Neutrality-mimicking pacC“~ mutations tend to occur in the
relatively short region between alkalinity-mimicking and acid-
ity-mimicking truncating mutations (83; Brown et al., unpub-
lished).

Proteolytic Processing of PacC

The analysis of wild-type and mutant forms of PacC in pro-
tein extracts prepared from mycelia grown at different ambient
pHs provided an explanation for the gain-of-function pheno-
type of mutations truncating the C-terminal region of PacC.
Electrophoretic mobility shift assay (EMSA) and Western
analysis revealed two different forms of PacC, the 72-kDa
translation product and a 27-kDa truncated version (encoded
by codons 5 through ~252 to 254) (83, 95), denoted the pro-
cessed form. The translation product predominates under
acidic growth conditions or in the absence of a functional pal
pH signaling pathway, whereas the processed form predomi-
nates under alkaline growth conditions or in alkalinity-mim-
icking pacC® mutants, supporting the conclusion that PacC is
proteolytically processed in response to alkaline ambient pH
(41, 83, 95). In agreement, the translation product and the
processed form show a precursor-to-product relationship in a
pal pathway-dependent manner (83). As noted above, the ma-
jor class of mutant pacC¢ alleles leading to an alkalinity-mim-
icking phenotype results from C-terminal truncation of PacC.
Mutant proteins truncated at or between residues 407 and 578
are proteolytically processed at any ambient pH, indepen-
dently of the pal pathway, indicating that a key function of the
C-terminal moiety removed by pacC® truncating mutations is
prevention of proteolytic processing under acidic ambient pH
conditions.

What is the physiological role of PacC processing? The
translation product is relatively inert transcriptionally, as
shown by the strong acidity-mimicking phenotype resulting
from either nonleaky pal” mutations, preventing proteolytic
processing (31, 32, 91, 95) and leading to preferential cytosolic
localization of PacC (82), or nontruncating pacC*’~ mutations
(e.g., the pacC™/~20205 deletion and the pacC "/~ 209 missense
mutation [33, 83]), which result in mutants that are phenotyp-
ically indistinguishable from null pa/ mutants. In contrast, a
mutant PacC protein truncated after residue 266 (the pacC50
product) is able both to activate “alkaline” gene and to repress
“acidic” gene expression (95). Since the C terminus of this
mutant protein is close to that of the processed form(s) (within
residues 252 to 254), this finding indicates that processing leads
to the activation of the otherwise inactive pacC translation
product. In view of the facts that PacC[5-250], PacC[5-265],
and PacC[5-273] polypeptides tagged at their C termini (in all
three cases close to the processing site) with green fluorescent
protein (GFP) are localized in the nucleus in a pal-indepen-
dent manner (81, 82) and that PacC[5-250] tagged at its N
terminus with GFP is also localized in the nucleus in a pH- and
pal-independent manner (81, 82), PacC proteolytic activation
clearly at least promotes the nuclear localization of a transcrip-
tionally active polypeptide. The model accommodating this
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finding in references 82 and 95 has been modified to take into
account the fact that the proteolytic activation of PacC takes
place in two steps (see below and Fig. 4).

Closed and Open Forms of PacC

The products of pacC alleles are processed at acidic am-
bient pH, as is the largely nonfunctional but processable
pacC*'~230 product (83, 95) (see below), which strongly sug-
gests that the processing protease is not pH (or PacC) regu-
lated. Therefore, the susceptibility of PacC to the processing
protease appears to be the pH-regulated, pal signal requiring
step.

The existence of two different forms of the translation prod-
uct was proposed to accommodate both the pH independence
of processing and the opposing phenotypes of two mutations
which have been crucial for understanding the proteolytic pro-
cessing cascade (83): pacC°69(L340S) is a missense mutation
(33, 83), leading to alkalinity mimicry. PacC'**%S is processed
irrespective of ambient pH (33, 83), suggesting that its trans-
lation product is in an “open” conformation, permanently ac-
cessible to the protein protease even in the absence of pal
signaling, and that Leu340 is essential for maintaining a pro-
tease-inaccessible “closed” conformation, preventing PacC
proteolytic activation in the absence of pal signaling (i.e., under
inappropriate circumstances). pacC*’~20205 is a strong loss-
of-function mutation phenotypically indistinguishable from a
pal™ mutation (83). The pacC*'~20205 product is largely un-
processed at both acidic and neutral (where pH signaling oc-
curs; note that pacC*’~ mutations prevent growth at alkaline
pH [Table 1]) pHs (41, 83). This mutant PacC, with residues
465 to 540 deleted, is deficient in pH signal reception and
response and appears to be locked in the closed conformation.

That in vitro-synthesized PacC™*** was more susceptible to
a proteolysis by a mycelial extract than was the wild-type pro-
tein (41) strongly supports the view that the Leu340Ser sub-
stitution causes a conformational change in PacC. Moreover, a
classically selected mutation corroborates the view that the
opposing phenotypes of pacC69(L340S) and pacC*'~20205
result from opposing effects of the mutational changes on PacC
accessibility to the processing protease. pacC2020507 is an
intragenic suppressor of pacC™/ 720205 leading to alkalinity
mimicry and processing of the doubly mutant PacC at any
ambient pH. It results in a Leu340Ser substitution (41), which
demonstrates that the processing defect of pacC*'~20205 re-
sults from inability to respond to ambient pH by adopting the
open conformation.

The molecular characterization of pacC® truncating muta-
tions leading to pH-independent processing strongly impli-
cated a C-terminal region of PacC in maintaining the protease-
inaccessible conformation. In agreement, one- and two-hybrid,
coimmunoprecipitation and affinity column experiments
showed that a polypeptide containing residues 529 to 678 was
able to interact with upstream regions contained within resi-
dues 169 to 410 in a Leu340-dependent manner, demonstrat-
ing that this interaction corresponds to that disrupted by L340S
(pacC<69) and is therefore physiologically relevant (41). A key
finding was that interactions involving PacC polypeptides are
strong enough to be detectable by a modified EMSA (41). A
truncated PacC form (and therefore open) DNA complex was
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FIG. 3. Supershift assay. The full-length, intermediate, and pro-
cessed PacC-DNA complexes can be resolved in an EMSA gel. The
open (intermediate) form has its regions A and B available for inter-
action with a purified glutathione S-transferase (GST) fusion protein
(here GST::PacC[410-678]) containing interacting region C, whereas
in full-length, closed PacC these regions are not available (see the
schematic representations). The remarkably stable interaction of open
PacC with the large (possibly dimeric) GST fusion protein results in
markedly reduced mobility (i.e., supershift) of the corresponding pro-
tein-DNA complex. The presence or absence from the reaction mix-
ture of the GST::PacC[410-678] fusion protein is indicated by + and
—, respectively.

supershifted by the presence in the reaction mixture of a poly-
peptide containing PacC residues 529 to 678, expressed, and
purified from recombinant bacteria (Fig. 3). The relative ease
with which different PacC regions could be monitored in this
assay facilitated the identification of three interacting regions
in PacC, denoted A, B, and C (Fig. 2A) and contained within
residues 169 to 301, 334 to 410, and 529 to 678, respectively
(41). Interacting regions A and B include critical determinants
for the efficiency of the processing protease (33; E. Diez and
M. A. Penalva, unpublished data), and region A overlaps the
processing site, which strongly suggests that access of the pro-
cessing protease is sterically prevented in the closed confor-
mation (41).

In A. nidulans PacC and its most closely related homologues
(e.g., in A. niger and P. chrysogenum), regions A and B are
separated by a Pro- and Gly-rich linker (119), which is pro-
posed to serve as a hinge enabling opening from the closed
conformation in response to alkaline ambient pH signaling
(41). The interaction of regions A and B would be held in place
by region C, which explains why C-terminal truncating muta-
tions removing this domain result in pH-independent process-
ing and alkalinity mimicry.

Single-residue substitutions disrupting the closed conforma-
tion were obtained by classical genetics in each of the inter-
acting domains, bypassing the need for pH signal transduc-
tion. These included Leu259Arg (pacC<63) and Leu266Phe
(pacC39) in region A, Leu340Ser (pacC69) and the pheno-
typically weaker Leu340Phe (pacCc234) in region B, and
Arg573Trp (pacC2020510), Arg579Gly (pacC232), and
Arg579Thr (pacC200 pacC20042) in interacting domain C
(41, 83)

The supershift assay provided further evidence for disrup-
tion of the interactions involving interacting regions A, B, and
C by the Leu340Ser substitution. In wild-type PacC obtained
using acidic growth conditions, region C, which is involved in
intramolecular interactions with upstream regions, could not
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participate in intermolecular interaction with a purified poly-
peptide from residues 169 to 410 containing A and B, whereas
it could participate in this interaction in the L340S mutant
(41). The same situation was found with the L259R mutant,
confirming the similarity of consequences of substitutions af-
fecting crucial residues in either A or B (41).

Physiological Relevance of the Open Form

The supershift assay provided a biochemical way of defining
the open PacC form as the proportion of unprocessed PacC
whose interacting regions A and B are available for interac-
tions with a domain C (residues 529 to 678) polypeptide (41).
Mutant proteins lacking all or a significant portion of this
domain are in the open conformation, and, if truncation occurs
downstream of residue 407 (the downstream limit of a process-
ing efficiency determinant) (83), they are also committed to
processing (33).

If the closed-to-open conformational transition is the pH-
regulated step, the relative proportion of each form should
vary according to ambient pH in a pal-dependent manner.
Espeso et al. (41) demonstrated that the relative proportion of
open to closed form in unprocessed PacC is twice as great at
alkaline as at acidic pH. This response to ambient pH was
largely missing in a pal41 mutant strain. Amounts of the open
form were much reduced in the pal41 strain and even more so
in a pacC*'~20205 strain (41).

Processing Protease Step

The processing protease step leads to the PacC processed
form, which appears to be slightly heterogeneous in size. Pro-
cessing does not remove residues from the N terminus of PacC
(83; E. Diez, M. A. Penalva, and J. Tilburn, unpublished data),
enabling high-resolution (~500-Da discrimination) EMSA
gels to be used to determine that the C-terminal residue of the
most upstream processed form lies within residues ~252 to 254
(~27 kDa) (83). An unexpected feature of the processing
proteolysis was revealed by the fact that mutant proteins hav-
ing deletions of residues 235 through 264 or 235 through 301,
which remove the processing protease target site(s), are pro-
cessed to polypeptides whose size is indistinguishable by
EMSA from that of the wild type (83; Diez and Penalva,
unpublished). This strongly suggests that the specificity of the
processing protease resides at sequence or structural determi-
nants located upstream of residue 235 and that the protease
cuts at peptide bonds remote from these determinants, thereby
resembling type 1 endonucleases (83). Identification of this
remarkable processing protease has thus far proved elusive.
The palB calpain-like product is not the processing protease
(32) (see below), and no other Pal protein has sequence sig-
natures characteristic of known proteases. pal” mutations are
always hypostatic to pacC® mutations even though the PacC
proteins of pacCe strains undergo processing (see above).
Thus, the gene(s) encoding the processing protease remains to
be identified. It should be noted that the processing protease
appears to be conserved in Saccharomyces (83), although it
does not appear to recognize the isofunctional PacC homo-
logue Rim101p (135) (see the Saccharomyces discussion be-
low).
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In addition to specificity determinants upstream of residue
235, the efficiency of the processing protease is largely depen-
dent on residues 266 to 407 (33, 83; Diez and Penalva, unpub-
lished). Impaired processing of mutant proteins lacking this
efficiency determinant (Fig. 2A), which is dispensable for the
signaling protease (see below), revealed the existence of the
processing intermediate (33).

Transition from the Closed to the Open Conformation
Involves Another Proteolytic Step, the Signaling Proteolysis

High-resolution EMSA (33, 82) discriminates between the
open and closed PacC-DNA complexes. PacC in the open
complex is not recognized by anti-PacC[529-678] antiserum or,
in the case of C-terminally tagged PacC, by antisera against the
cognate tag (33), strongly suggesting that open PacC is not the
full-length translation product and actually lacks C-terminal
residues. Therefore, the closed-to-open transition involves a
proteolytic step distinct from the processing step. Two exper-
imental approaches were crucial to demonstrating that this
proteolysis, denoted the signaling protease step (33), is the
pH-regulated step that is dependent on the pal signaling path-
way. First, PacC deletion mutants partially or fully deficient in
the processing protease step accumulated a processing inter-
mediate truncated between residues ~489 and 511 (i.e., lack-
ing the C-terminal interacting region C) at the expense of the
translation product and in a pal-dependent manner (33). Sec-
ond, analysis of PacC in cultures in which the pH was shifted
from acidic to alkaline conditions revealed that closed PacC is
rapidly converted to open PacC after the pH shift and that this
correlates strictly with the detection in Western blots of an
intermediate truncated between residues ~493 and 500. As in
deletion mutants, this intermediate accumulated at the ex-
pense of the translation product in a pal-dependent manner
(33). This intermediate is the precursor of the processed form
(truncated at residues ~252 to 254) (33), as predicted by com-
mitment to processing of similar mutant proteins such as the
pacC14 product (truncated after residue 492) (95).

Diez et al. (33) identified a 24-residue conserved sequence,
denoted the signaling protease box, which overlapped the pre-
dicted C terminus of the intermediate and whose deletion
prevented both the signaling and the processing proteolytic
steps, in agreement with a translation-product-to-intermedi-
ate-to-processed-form proteolytic cascade (Fig. 4). Two classi-
cally selected mutations in which Leu498 located within the
signaling protease box was replaced also fully (Leu498Ser) or
partially (Leu498Phe) prevented the formation of both the
intermediate and the processed form (33), revealing a crucial
role for Leu498 in the formation of the intermediate.
pacC™'7209, the strongest of the above mutations, is an ex-
treme-acidity-mimicking mutation, phenotypically indistin-
guishable from null alleles in any of the pal genes except pall
(see above) (33). The requirement of the signaling protease
box for the formation of the intermediate and processed forms
explains why the pacC™'~20205 product is locked in the closed
conformation (see above), since the pacC*/~20205 deletion
removes this conserved 24-residue sequence (Fig. 2A) (33).

The extreme-acidity-mimicking pacC*/~209 mutation and
the molecular nature of the blocked reaction (an irreversible
proteolytic cleavage of PacC) strongly suggest that this is the
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FIG. 4. Current two-step model of PacC proteolytic activation. Details are described in the text. PacC’?, PacC>?, and PacC?’ refer to the 72-kDa
full-length, the 53-kDa intermediate, and the 27-kDa processed PacC forms, respectively. The signaling cleavage step requires alkaline pH signaling
through the pal pathway and leads to the intermediate, which is committed to the ambient pH-independent processing cleavage step. The
processing protease has not yet been identified, but PalB would appear to be the signaling protease recognizing the signaling protease box (shown
as an open box). Commitment to processing results from removal of interacting region C, which is also removed by pacC*-truncating mutations.
That the signaling cleavage occurs in the cytosol is supported by the nuclear exclusion of its PacC’? substrate and the preferential nuclear
localization of its PacC> product (82). The processing cleavage might be in the cytosol and/or in the nucleus, as indicated by the dotted lines
connecting PacC> and PacC?’. pacC is itself an alkali-expressed gene (122).

ultimate event in signaling by the pal pathway. The only pro-
tease thus far identified in this pathway is the calpain-like PalB
protein (see below), implicating it as the likely candidate for
the signaling protease (33). In this context, the fact that that
calpain, which shows no strong sequence specificity for cleav-
age, nevertheless shows some preference for Leu in position P2
(21) is very suggestive in view of the critical role shown for
Leu498. However, definitive evidence confirming the role of
PalB as the signaling protease remains to be provided.

Diez et al. (33) also showed that PacC-**°S, in which inter-
actions between regions A, B, and C have been disrupted by
the Leu340 substitution (see above), undergoes processing (ab-
normally) without passing through the intermediate, which in
turn provides further support for the conclusion that the key
role of the signaling cleavage lies in disrupting the interac-
tions which prevent processing under inappropriate circum-
stances.

Figure 4 summarizes the current two-step model for the
proteolytic activation of PacC (33). The pal-regulated signaling
protease cleavage takes place within the signaling protease
box, leading to the intermediate which was formerly denoted
“open PacC” (41, 83). This intermediate lacks interacting re-

gion C and is therefore committed to processing. Readers
should note that this two-step processing of PacC can be com-
pared to Rip (regulated intramembrane proteolysis) (10, 11).

Regulation of PacC Nuclear Localization

Ambient-pH-dependent proteolytic activation regulates
PacC subcellular localization (82). In the absence of pH sig-
naling, the translation product is largely cytosolic. In contrast,
its conversion to the processed form resulting from pH signal
reception correlates with almost exclusive nuclear PacC local-
ization. The palA1 mutation, which prevents processing at neu-
tral pH, also prevents this transition from cytosolic to nuclear
localization (82). The open PacC polypeptide (i.e., the inter-
mediate truncated after residue ~500) also appears to be nu-
clear (82). Therefore, formally, the C-terminal moiety re-
moved by processing prevents the nuclear localization of PacC
(82). The mode by which the C-terminal region of PacC pre-
vents its nuclear localization is unknown. Figure 4 incorporates
data on the different subcellular distributions of the PacC
translation product and the intermediate and processed forms.

PacC contains a putative bipartite nuclear localization signal
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TABLE 2. Conservation of the pal signaling pathway

A. nidulans S. cerevisiae Function Mammals

PalA Rim20p Interacts with Rim101p/ ~ Alix/AIP1 (ALG2-

PacC interacting protein)
PalB Rim13p Calpain-like cysteine CAPN7 calpain
protease
PalC None Unknown
PalF Rim8p Unknown

PalH Rim21p
Pall Rim9p

7 TM membrane protein GPCRs ?
4 TM membrane protein

between residues 252 and 269 (122), which is insufficient to
result in nuclear localization of a GFP reporter (82). This
sequence might facilitate nuclear localization of the processing
intermediate but not of the processed form, since it is removed
by the final processing step. Therefore, a nuclear localization
signal located within residues 5 through ~252 to 254 must
mediate the pal-independent nuclear localization of the GFP-
tagged processed form (82). Using deletion analysis, Mingot et
al. (82) showed that within these limits only the zinc finger
region (residues 66 through 173) mediates nuclear localization
of GFP. The possibility that the 53.8-kDa GFP-tagged pro-
cessed form is localized in the nucleus following passive diffu-
sion and nuclear retention by DNA binding, rather than by
active nuclear localization signal-mediated nuclear import, was
discarded for the following reasons. (i) In gel filtration exper-
iments, this GFP-tagged protein elutes as a 101-kDa protein,
which would be above the exclusion limit of nuclear pores.
(ii) PacC residues 5 to 234 (including the zinc finger region)
drive the nuclear localization of Escherichia coli B-galacto-
sidase. (iii) the GIn155Lys substitution involving a residue in
the third PacC finger prevents DNA binding (see above) but
not nuclear localization. Therefore, the PacC zinc finger region
not only is involved in DNA binding but also contains a func-
tional nuclear localization signal (82).

pH Signal Transduction Pathway

All six pal genes of the pH signal transduction pathway have
been characterized (3, 31, 32, 77, 90, 91). With the exception of
PalB, inspection of the amino acid sequences of their products
gives very few clues to molecular functions, strongly suggesting
that the pal signaling pathway is mechanistically novel (Table
2).

Two of the conceptually translated proteins contain putative
transmembrane (TM) domains. Pall, with 549 residues, con-
tains four putative TM domains within the N-terminal one-
third of the protein (31). The C-terminal two-thirds of the
protein is hydrophilic. The Gly47Asp substitution in the pre-
dicted acidic loop between transmembrane segments 1 and 2,
in a region highly conserved with the Saccharomyces isofunc-
tional homologue, abolishes Pall function (31). It has been
suggested that Pall might be a membrane sensor for ambient
pH and that this loop, predicted to be periplasmic (i.e., be-
tween the plasma membrane and cell wall), might play an
important role (31). The null phenotype for pall mutations is
less extreme than the null phenotype for the other five pal
genes of the pH signaling pathway (3, 31, 32, 90, 91, 122),
indicating that some signal can be transduced in the absence of
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Pall. Therefore, either Pall is not the only pH sensor or it
functions in sensing ambient pH in cooperation with other
proteins with which its participation is not essential.

A second Pal protein shares with Pall a predicted membrane
localization. The derived PalH sequence contains 760 residues
with seven putative TM domains in the N-terminal moiety
followed by a hydrophilic C-terminal moiety of just over 400
residues (31). As in seven TM plasma membrane receptors,
this long, hydrophilic C-terminal moiety is predicted to be
cytosolic. Interestingly, it is not absolutely essential for pH
signal transduction, since palH frameshift mutations truncating
the normal sequence after residues 377 and 598 have a leaky,
partial-loss-of-function phenotype similar to that of a null pall
mutation (91). Double mutants carrying a leaky palH mutation
and a pall mutation have a phenotype indistinguishable from
those of null mutations in palA, palB, palC, palF, or palH,
indicating additivity (91). The possibility that PalH is a seven-
TM-domain plasma membrane receptor seems rather attrac-
tive in view of the possible involvement of endocytosis in pH
sensing, to be described in the Yarrowia and Saccharomyces
sections (see below).

Conceptual translation of the palB sequence yielded an 847-
residue polypeptide having convincing similarity to the cata-
lytic domain in the large subunit of calpains (Ca**-dependent
cysteine proteases) (32). Prototypical mammalian m-calpain
consists of large and small subunits, both containing calmod-
ulin-like penta-EF-hand (5-EF-hand) motifs which account for
Ca®* binding and dependence (for reviews, see references 113
and 114). PalB, containing the calpain catalytic triad consisting
of Cys (providing the active site thiol), His, and Asn residues
(32), is an atypical calpain in that it lacks the large calpain
subunit 5-EF-hand domain (32). Extrapolation from work with
Saccharomyces cerevisiae (see below) indicates that the pre-
sumably catalytic Cys residue, completely conserved among
PalB homologues, is essential for PalB function (48).

PalB cannot be responsible for the final proteolytic process-
ing of PacC because a palB allele with a null phenotype fails to
prevent pH-independent processing of a mutant PacC lacking
214 C-terminal residues (i.e., lacking interacting region C) to
yield a processed form indistinguishable from that of the wild
type (32). PalB is therefore a likely candidate for the signaling
protease removing PacC interacting region C, converting the
PacC translation product into the processing-committed inter-
mediate (33). This would imply that the highly conserved sig-
naling protease box (Fig. 2A) is likely to be the PalB recogni-
tion and cleavage site (33).

Using amino acid sequence alignments, Sorimachi et al.
(113) identified in fungal PalB homologues a highly conserved
region located downstream of the putative PalB catalytic do-
main, which they designated PHB (for “PalB homology Do-
main”). This region is diagnostic of a subfamily of calpains
which includes metazoan homologues, such as Caenorhabditis
elegans CE01070, another atypical calpain lacking the 5-EF-
hand domain (113, 114). This raises the intriguing possibility
that homologues of fungal ambient pH transducers are con-
served in metazoans. Indeed, Futai et al. (47) reported the
characterization of a human gene, CAPN7, encoding PalBH/
Capn7, a human homologue of PalB of unknown function,
which shows preferential nuclear localization. This finding un-
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derscores the utility of fungal pH signal transduction genes to
reveal unexpected gene features in metazoans.

The 798-residue derived PalA sequence provides few clues
to its molecular role (90). The presence of several SH3 domain
binding motifs and a proline-rich region (90) possibly hint at
protein-protein interactions. Xu and Mitchell (135) have
shown that the S. cerevisiae PalA homologue interacts with the
S. cerevisiae PacC homologue and suggested that such an in-
teraction might be important for the action of the S. cerevisiae
PalB homologue (see below). They have shown that the inter-
action is conserved in Candida albicans. It is also conserved in
A. nidulans (O. Vincent and M. A. Pefalva, unpublished data),
lending further support to the notion of its generality. The
possible relationship of PalA and its fungal homologues with
endocytosis is described in the Saccharomyces and Yarrowia
sections (see below).

As in the case of PalB, homologues of PalA are present in
the animal kingdom, and their molecular characterization
strongly suggests that a PalA-like domain is involved in signal
transduction pathways in eukaryotes from fungi to mammals.
Murine Alix/AIP1 is a PalA homologue which interacts with
ALG-2, a protein required for apoptosis triggered by a number
of stimuli and a member of the calpain small-subunit subfamily
of calcium binding proteins (66, 74, 84, 130). Overexpression of
a truncated form of Alix/AIP1 lacking the N-terminal moiety
can protect against cell death (130). Overexpression of the
human PalA and Alix/AIP1 homologue HP95 inhibits the
growth of confluent HeLa cells through G, arrest (133a). An-
other PalA homologue is the rat protein p164¥™* 24 which
can inhibit Ha-ras-mediated transformation (20). The C-ter-
minal moiety of p164°TF"TP14 contains a putative protein ty-
rosine phosphatase that is apparently required for inhibition of
Ha-ras-mediated transformation, whereas the N-terminal moi-
ety contains the region of similarity to PalA (20). Other PalA
homologues are Xp95, suggested to be an element in a tyrosine
kinase signaling pathway involved in progesterone-induced Xe-
nopus oocyte maturation (23), and YNKI1, a Caenorhabditis
elegans protein of unknown function (24).

The 775- and 507-residue derived PalF and PalC sequences
(77, 91), respectively, provide no clues to their functions. A
leaky, partial-loss-of-function palF mutation probably gives no
information about a single residue or region since it is a frame-
shift which would exchange the C-terminal 6 residues of PalF,
conserved in closer but not more distant homologues, for a
highly hydrophobic 56-residue peptide which presumably ad-
versely affects PalF function, stability, solubility, or subcellular
localization (H. J. Bussink and H. N. Arst, Jr., unpublished
data). This partial-loss-of-function palF mutation is additive in
phenotypes with pall mutations and partial-loss-of-function
palH mutations, with the double mutants having the stringent
null phenotype of palA, palB, palC, palF, and palH mutants
(91). The most interesting point that can be made at present
about palC is the absence of an identifiable homologue in the
S. cerevisiae genome (91), although one is present in Neuro-
spora crassa. The distribution of palC homologues within the
fungal kingdom is therefore likely to be of interest. The (ex-
tremely limited) current evidence suggests that pal/C might be
present only in filamentous fungi (see below).

Loss-of-function mutations in any of the six pal genes pre-
vent PacC processing (31, 32, 82, 83, 91, 95) because they
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prevent the formation of the intermediate, the processing pro-
tease substrate (33). This feature is less extreme in pall and
leaky palF and palH mutants (31, 91). (Leaky mutations in
palA, palB, and palC have yet to be obtained.) However, ad-
ditivity of mutations causing less extreme phenotypes can be
seen in EMSA, as can the epistasis of a nonleaky, stringent pal
mutation to a pall mutation (31, 91). Alkalinity-mimicking
pacC® mutations are epistatic to acidity-mimicking pal muta-
tions, and this epistasis is seen both when monitoring in vivo
characteristics (3, 17) and when using EMSA or Western blot
analysis to determine the amount and extent of processing of
PacC (95).

Presence of the pH Regulatory System Homologues
in Other Fungi

As noted in several sections of this review, homologues of A4.
nidulans pacC have been identified in a number of filamentous
ascomycetes, including A. niger (76), Penicillium chrysogenum
(119), Acremonium chrysogenum (110), Sclerotinia sclerotiorum
(106), and Aspergillus oryzae (M. Sano and M. Machida, Gen-
Bank accession no. AB035899). Therefore, it will come as no
surprise to readers that other filamentous ascomycetes such as
Aspergillus fumigatus (The Institute for Genomic Research [http:
/www tigr.org]) and Neurospora crassa (Whitehead Institute/
MIT Center for Research [http://www-genome.wi.mit.edu]) have
homologues of all the identified genes involved in pH regula-
tion in A. nidulans, including palC. As described in detail in the
following sections, the budding yeast Saccharomyces cerevisiae
and two dimorphic yeasts, Candida albicans and Yarrowia lipo-
ytica, also have homologues of the pH regulatory system genes,
with the sole exception of palC. Therefore, the pH regulatory
system appears to be universally present in all major groups of
ascomycetes: hemiascomycetes, plectomycetes, and pyrenomy-
cetes.

pH REGULATION IN SACCHAROMYCES CEREVISIAE
Molecular Characterization of the RIM Regulatory System

RIM101, formerly RIM1 (rim stands for “regulator of IME2”
[see below]), encodes the founding member of the RIM101p/
PacC group of transcription factors. RIM101p is a positive
regulator of meiosis in budding yeast, through its stimulation
of transcription of IME1, a gene encoding a key positive-acting
transcription factor which activates a number of meiotic genes,
including the kinase-encoding gene IME2 (117, 118). Non-
allelic, recessive rim101, rim8, rim9, and rim13 mutations result
in a similar phenotype, characterized by reduced expression of
imel::HIS3 and ime2::lacZ gene fusions, cryosensitive growth,
and smooth colony morphology (117, 118). As noted above
(Table 2) and below, RIMS, RIM9, and RIM13 are the budding
yeast homologues of A. nidulans palF, pall, and palB, respec-
tively.

RIM101 was cloned as restoring ime2::lacZ expression in a
rim101-1 mutant, taking advantage of its close linkage to RIM4,
a gene in which inactivating mutations completely prevent
sporulation. This facilitated the isolation by complementation
of plasmids covering the RIM101-RIM4 genomic region (118).
A riml0IA mutant was phenotypically indistinguishable from
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classical rim101, rim8, rim9, and rim13 mutants, in agreement
with the conclusion that recessive rim101 classical mutations
represent the loss-of-function class. Rim101p is a 628-residue
polypeptide (118) (note that the sequence reported in Gen-
Bank P33400 by the yeast-sequencing group contains only 625
residues) having three zinc fingers essential for function (118).
Despite the similar sizes of PacC and Rim101p, significant
amino acid identity is almost completely restricted to the zinc
finger region.

In addition to the above phenotypic features, rim101, rims,
rim9, riml3, and rim20 mutations prevent haploid invasive
growth (71, 135). This invasive growth resembles pseudofila-
mentation in yeast diploids and is defined as a combination of
filament formation (which implies a switch from axial to polar
budding mode) and penetration of agar underneath colonies
growing on rich medium (105). Like diploid pseudohyphal
growth, invasive growth requires the mitogen-activated protein
kinase cascade components Ste20p, Stellp, Ste7p, and Stel2p
involved in the mating pheromone response pathway. It can
also be induced independently of the mating pheromone path-
way, for example through the Tpk2p cyclic AMP-dependent-
protein kinase A pathway (for reviews of Saccharomyces
pseudohyphal growth, see references 51 and 70). The func-
tional interaction between the RIM pathway and the last two
pathways promoting filamentation remains to be addressed.
The fact that the RIM pathway is important for the transition
from the yeast to the hyphal mode of growth in the pathogenic
yeast Candida albicans is addressed below. Readers should
note that Cphlp, the C. albicans Ste12p homologue, also plays
a role in filamentation (73).

Rim101p Is Activated by Proteolytic Processing,
Removing a C-Terminal Region

In common with PacC, Rim101p undergoes proteolytic pro-
cessing activation which, in this case, removes approximately
100 residues from the C terminus of the protein (71, 135). The
relative levels of the Rim101p translation product and the
processed form depend on growth medium composition. As
with PacC, media containing high glucose levels, whose catab-
olism leads to external acidification, promote accumulation of
the translation product, whereas the processed form largely
predominates on alkalinization (to pH 8.0) of the growth me-
dium or in the presence of acetate as a carbon source (71),
which leads to a final culture pH close to neutrality, where pH
signaling also takes place.

The rim9, rim8, riml13, and rim20 loss-of-function mutations
prevent the proteolytic processing activation of Rim101p (68,
71, 135). In agreement with the activating role of Rim101p
processing, mutations truncating the protein after residue 485,
531, or 539, which would be formally equivalent to pacC®
gain-of-function mutations truncating the C-terminal region of
PacC, suppress a rim9 mutation (71). In contrast, more up-
stream truncating mutations do not (71). This would suggest
that essential Rim101p regions where truncating mutations
would be equivalent to the partial loss-of-function pacC*/~
class lie upstream of residue 485. However, this conclusion
should be reexamined using site-directed mutagenesis to intro-
duce stop codons as appropriate, rather than using 3" nested
deletions, which might lead to transcript instability, complicat-
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ing phenotype interpretation (examples are described below in
the Yarrowia section). In summary, a C-terminal region in
Rim101p downstream of residue 531 behaves as a pal (RIM)
signaling pathway-dependent negative-acting region. In agree-
ment, an epitope-tagged protein truncated after residue 531
was shown to suppress rimS, rim9, and rim13 mutations by
restoring imel::HIS3 and ime2::lacZ expression and invasive-
ness and overcoming the cryosensitivity phenotype associated
with these mutations (71). In contrast a protein truncated after
residue 620, which lacks the eight C-terminal residues, does
not suppress a rim9 mutation, indicating that the negative-
acting, RIM-dependent region involves more than this C-ter-
minal tip of the protein (assuming that the mutation has not
affected mRNA stability).

One-Step Processing

A difference between Rim101p and PacC is that whereas
Rim101p proteolytic activation requires one RIM pathway-
dependent proteolytic step (71, 135), PacC activation occurs in
two sequential steps, the first of which (the signaling proteol-
ysis) is pH regulated through the pal pathway and the second
of which (the processing proteolysis) appears to be pH inde-
pendent (33) (see above). The position of the single proteolysis
at Rim101p was estimated at ~100 residues from C-terminal
residue 628 (71, 135). The signaling protease cleavage site in
PacC lies between residues ~493 and 500, ~180 residues from
the C-terminal residue 678 and markedly downstream of the
processing proteolysis site(s) at residues ~252 to 254.

The single 7im pathway-dependent Rim101p cleavage would
be equivalent to the signaling cleavage in the proximity of the
C terminus of PacC (33, 135). A plausible candidate enzyme
for this pal (RIM) pathway-dependent proteolysis is PalB/
Rim13p (33, 135), although this reaction has not yet been
demonstrated directly. From an evolutionary point of view, it
remains to be established whether Rim101p has lost suscepti-
bility to the processing protease or PacC has gained this sus-
ceptibility.

Despite the apparent lack of processing-protease suscepti-
bility in Rim101p, the PacC processing protease appears to be
conserved in Saccharomyces, since PacC[5-492], a mutant pro-
tein approximating the PacC intermediate, is processed in
yeast (83). In contrast, the yeast RIM pathway does not appear
to recognize PacC, since processing fails to occur with the
full-length wild-type protein (83).

Rim101p and the pH Response

An important question is whether the RIM pathway in yeast
responds to ambient pH and/or has diverged from the Aspergil-
lus pal pathway to respond to a different signal necessary for
efficient sporulation in the a/a diploid cells and invasiveness in
haploids. Several lines of evidence strongly suggest that the
RIM pathway responds to ambient pH. First, as noted above,
Rim101p processing is favored by neutral to alkaline ambient
pH conditions and diminishes with acidification of the ambient
pH. This would be consistent with inactivation of the pal (RIM)
signaling pathway, which completely prevents processing, mim-
icking extremely acidic pHs. It should be noted that in Aspergil-
lus, mimicry of acidic pH conditions achieved by mutational
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inactivation of the pal pathway is more extreme that that usu-
ally achieved by chemically manipulating the growth medium
pH, particularly when the pH is modified by microbial growth.
Therefore, the inability to prevent fully Rim101p processing by
lowering the ambient pH might simply reflect an inability to
block pH signaling at the acidic pHs in standard use. Second,
a previously unmentioned phenotype of rimI01A, rim20A (68,
135), and rimI3A (48) mutants is that of impaired growth at
alkaline pH, which strongly suggests that the RIM pathway is
required for adaptation to alkaline pH. Third, macroarray
transcriptional analysis (see below) revealed that transcription
of a subset of genes is elevated by alkaline ambient pH in a
Rim101p-dependent manner (68).

Domain of Action of the pH Response

Lamb et al. (68) investigated the genes whose transcription
was activated by alkaline pH (8.0) relative to acidic pH (4.0)
using macroarray filters containing the yeast open reading
frames (ORFs). They identified 71 genes whose transcripts
were at least 2.1-fold more abundant in pH 8.0 cells than in pH
4.0 cells. These genes included the Na*-ATPase structural
gene ENAI, whose transcription was previously known to be
stimulated by both high salt and alkaline stress and which was
therefore a positive control. This screen identified, among oth-
ers, several genes involved either in phosphate or in iron or
copper starvation. Comparative Northern and reporter analy-
ses of the relatively high expression of a selection of these
“alkaline” genes in rimI0IA and RIMI101 cells was used to
subdivide them into three different classes, depending on
whether their relatively high levels in pH 8.0 medium were (i)
strictly dependent on RIMI0I, (ii) partially dependent on
RIM101, or (iii) independent of RIM101 (68).

Class i genes include ARN4 (whose product is involved in
iron uptake) and three genes of unknown function. That these
genes require the positive action of Rim101p for preferential
expression at alkaline pH agrees with the fact that their re-
sponse to alkaline pH is prevented by a rimI3A allele (68),
since an intact RIM (pal) pathway is required for the proteo-
lytic activation of Rim101p. As noted above and below,
Rim13p is the homologue of PalB, the cysteine protease pre-
sumed to remove the processing-preventing interacting do-
main C in PacC (33). The requirement for Rim13p is bypassed
at alkaline pH by the RIM101-531-HA2 allele (68), which is
consistent with the notion that one role of Rim13p involves
activation of Rim101p through C-terminal proteolysis of the
latter. At pH 4.0, however, transcription of some of the
RIM101-dependent genes was not increased in the RIM101-
531 mutant. Although this result should be treated with some
caution (as noted above, this truncating mutation is a genomic
deletion which might cause instability of the incomplete tran-
script), it might suggest that such genes require, in addition to
wide domain regulation provided by active Rim101p, specific
induction conditions not provided by the acidic growth me-
dium (a possible example with the Y. lipolytica AXPI gene is
discussed below).

The fact that class ii genes are partially and class iii genes are
fully independent of Rim101p demonstrates that in yeast not
all the alkaline response is mediated by this PacC homologue
(68). Rim101p-independent class iii genes include PHO84 (en-
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coding a high-affinity phosphate/H™ symporter) and, paradox-
ically, PHO11/12 (encoding phosphate-repressible acid phos-
phatases). In an independent study, Causton et al. (22) also
identified PHO89 (encoding a phosphate/Na™ symporter) as a
gene whose expression is stimulated by alkaline pH (but the
question of Rim101p control was not addressed). All four PHO
genes listed above are regulated by Pho4p in response to phos-
phate starvation (94). There is therefore another possible ex-
planation for their apparent classification as alkali-expressed
genes, an explanation which might resolve the paradox that
genes such as PHOI11, PHOI2, and possibly PHOS84, whose
functions would lead to a prediction of preferential expression
under acidic conditions, apparently show preferential alkaline
expression. Phosphate-limiting growth conditions were not
used in monitoring the expression of these genes (68), but
phosphate repression might have been stronger in acidic than
in alkaline medium: accumulation of vacuolar polyphosphate is
stimulated by acidic growth conditions and dependent on vac-
uolar acidification mediated by the vacuolar membrane H*-
ATPase (79, 134). Under alkaline growth conditions (leading
to vacuole alkalinization through uptake of endocytotic fluid),
the predicted decrease in polyphosphate levels might trigger
phosphate starvation signaling.

Little is known concerning yeast acidic gene expression. One
of the above transcriptional profiling studies (22) identified
three genes, PDRI12, ZMSI, and TRK2, encoding a putative
ATP-dependent exporter of carboxylate anions, a zinc finger
protein, and a potassium transporter, respectively. Of note, the
GABA permease-encoding gene UGA4 is, like its A. nidulans
gabA orthologue, an acid-expressed gene (86). Also like gabA,
UGA4 is subject to complex regulation. For example, UGA4 is
repressed by the Dal80p/Uga43p GATA factor, whose tran-
scription is also preferential under certain acidic conditions
(86). In none of these cases has it been investigated whether
their preferential acid expression is Rim101p dependent (i.e.,
involving Rim101p repression at alkaline pH), although in the
case of UGA4 a consensus PacC/Rim101p binding site is found
237 bp upstream of its coding region (86). UGA4 is probably a
good example of a case where profiling studies have failed to
detect pH regulation because the inducer (GABA) was absent
from the growth media (although some inducer is possibly
available intracellularly from intermediary metabolism).

Molecular Characterization of Components of
the RIM (pal) Signaling Pathway

In addition to RIM101, the S. cerevisiae genome contains
homologues for every pal gene except palC (Table 2) (48, 56,
68, 90, 91, 124, 135).

Two potential PalA homologues, Brolp and Rim20p, are
found in the yeast genome (90), but only the latter belongs to
the RIM pathway (135). Two-hybrid and coimmunoprecipita-
tion analyses revealed that Rim20p is able to bind Rim101p,
whose residues 547 to 678 suffice for reasonably strong inter-
action with Rim20p, although a second, nonoverlapping region
(residues 297 to 546) mediates a weak interaction (135). PalA
also interacts with PacC (Vincent and Pefalva, unpublished).
Genome-wide two-hybrid analysis (60) revealed that Rim20p
and Rim13p interact with Snf7p/Vps32p, the product of a class
E gene involved in vacuolar biogenesis. While the possible
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relationship of endocytosis with pH signaling is described in
the Yarrowia section (see below), this ménage a trois prompted
Xu and Mitchell (135) to hypothesize, in view of the ability of
Rim20p to bind a C-terminal region of Rim101p, that Snf7p
might act as an adapter through which Rim20p/PalA would
recruit Rim13p/PalB to its putative target in the C-terminal re-
gion of Rim101p/PacC (135). While this model agrees with avail-
able evidence, it has not yet been established whether the Rim20p
interaction with Rim101p requires another yeast protein.

Another important feature of the RIM pathway genes con-
cerns RIM9, the pall homologue. As described above, pallA
mutants are exceptional in that they grow to some extent on
alkaline pH plates. Both Rim9p (71) and Pall (31) contain four
predicted transmembrane domains within a region of high
amino acid sequence conservation, but they are markedly dif-
ferent in size (Rim9p, 239 residues; Pall, 549 residues; the
revised sequence is given in the addendum in reference 31),
which is accounted for by the presence in Pall of a ~370-
residue hydrophilic, putatively cytosolic tail which is absent
from Rim9p (31). Pall and Rim9p have been suggested to be
membrane sensors (31). It will be interesting to see if the
differences in the C termini of the two proteins affect their
efficiencies or mode of action.

RIM13 (117), the palB homologue (Table 2), was also iden-
tified independently and denoted CPLI because it encodes a
calpain-like protein containing the diagnostic Pal homology
domain (114) (see above) and the essential (as determined by
site-directed mutagenesis) Cys128 residue, which almost cer-
tainly provides the catalytic thiol (48). PalH homologue
Rim21p was identified by Tréton et al. (124), who also cor-
rected a sequencing error in the yeast genome sequence, lead-
ing to the identification of RIMS8/palF, which had been previ-
ously identified genetically (117).

pH REGULATION IN CANDIDA ALBICANS

Dimorphism and Pathogenesis

Candida spp. are the fourth-leading causes of nosocomial
infection worldwide (18). C. albicans, the most prevalent fun-
gal pathogen of humans, is a dimorphic fungus which under-
goes reversible morphological transitions between unicellular
yeast-like and hyphal and pseudohyphal growth forms in
response to environmental signals, of which those involving
ambient pH and temperature changes have been best charac-
terized. Under optimal (37°C) temperature conditions, fila-
mentation is favored by ambient pHs close to neutrality and is
considerably reduced at pHs lower than 6. In contrast, the
yeast form predominates almost exclusively at pH 4 (13). The
PacC (CaRIM101/PPR?2 in this organism) pH regulatory sys-
tem is conserved in Candida spp. and plays a major role in
controlling the pH-dependent dimorphic transition. The ability
of C. albicans to undergo the dimorphic transition and to
respond to diverse environments is thought to be essential for
pathogenesis, and, at least in mouse models of systemic infec-
tion, mutants impaired in filamentation are largely avirulent
(73). Therefore, the mechanisms by which pH regulation con-
trols Candida dimorphism and adaptation to different ambient
pH niches within the infected host have received considerable
attention. Readers interested in Candida virulence factors and
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dimorphism can consult recent excellent reviews (8, 8a, 38, 72a,
85). A recently published thorough review of fungal develop-
ment and virulence (70) is strongly recommended to comple-
ment this account of pH regulation.

Characterization of the pH-Dependent
Morphological Transition

The molecular characterization of the pH-regulated transi-
tion in Candida was pioneered by Fonzi’s group, who used
differential screening techniques to isolate PHRI1, a prototyp-
ical alkali-expressed gene encoding a 548-residue membrane-
anchored glycosylphosphatidylinositol cell surface protein
whose expression is prevented by acidic pH. Phrlp and its
Phr2p homologue (see below) are 1,3-B-glucanosyltransferases
involved in fungal cell wall synthesis (44, 87). At alkaline pH
(where PHRI is expressed and the filamentous mode of growth
predominates), a homozygous phr/ A mutant showed morpho-
logical abnormalities resulting from its inability to grow api-
cally (108). Since this mutant grew normally under acidic pH
conditions (where the yeast mode of growth predominates),
the existence of a PHRI isofunctional homologue active at
acidic pH was predicted and eventually confirmed (88). This
gene was designated PHR?2 (88). PHR?2 is a prototypical acid-
expressed gene showing a pattern of expression inverse to that
of PHRI. A phr2A mutant showed morphological abnormali-
ties and was unable to grow at acidic pH but grew normally
under filamentous growth-promoting alkaline pH conditions
(88). Therefore, PHRI and PHR?2 encode isofunctional, mutu-
ally interchangeable proteins having a key role in the adapta-
tion of Candida to alkaline and acidic growth conditions, re-
spectively.

C. albicans is able to cause infections in a broad range of
host niches which show significant differences in ambient pH.
For example, the mouse systemic pH is ~7.3 whereas the pH
in the rat vagina is ~4.5. This suggested that the ability of
Candida to react appropriately to (among other environmental
variables) rather different pH environments is crucial for its
pathogenicity. Null phrlA and phr2A strains provided the first
evidence for this proposal. A phrlA mutant is avirulent in a
systemic mouse model of candidiasis (29, 53), whereas a phr2A
mutant is virulent. In contrast, the pAr2A mutant is strongly
attenuated in virulence in a rat vaginitis model whereas the
alkali-expressed PHRI gene is dispensable for infection of the
vaginal niche (29). Therefore, the involvement of pH regula-
tion in infection shown by this work is buttressed by the fact
that the virulent phenotype parallels the in vitro pH depen-
dence of the mutant strains (29).

Characterization of the Genes Involved in pH Regulation

The analysis of pH regulation in A. nidulans and its conser-
vation in S. cerevisiae strongly suggested that the reverse modes
of expression of PHRI and PHR? reflect their regulation by a
C. albicans pH regulatory system involving homologues of
pacC and the pal genes. The Fonzi (104) and Mitchell (28)
groups identified the C. albicans pacC homologue, designated
CaRIMI101/PRR2. We will use here the RIMI01 designation
(preceded by Ca, when needed, to indicate C. albicans), in
agreement with the use of S. cerevisiae gene nomenclature to
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designate C. albicans homologues, rather than the PRR2 (for
“pH Response Regulator”) designation (104). CaRIMI101 en-
codes a 661-residue polypeptide (note that the ORF reported
in reference 28 is missing the N-terminal 58 codons of the
complete ORF [104]). PacC, CaRim10lp, and ScRim101p
have extensive amino acid sequence identity in their tridactyl
zinc finger regions but otherwise diverge substantially.

Northern analysis of PHRI and PRAI (another alkali-ex-
pressed gene) (111) in a Cariml0IA strain confirmed that
under alkaline growth conditions, PHRI and PRAI are subject
to the positive action of CaRim101p whereas PHR?2 is re-
pressed by this PacC homologue (28, 104). Neither PHR2 re-
pression nor PHRI (and PRAI) activation takes place under
acidic pH conditions. Therefore, CaRim101p, like PacC (122),
is required for repression of acid-expressed genes and for
activation of alkali-expressed genes. Additionally, like pacC,
CaRIM101 behaves as an alkali-expressed gene subject to its
own positive control (28, 104).

The characterization of two C. albicans pal genes, CaRIMS/
PPRI (the palF homologue) and CaRIM20 (the palA homo-
logue), has been reported (28, 99). Like Carim101A mutations,
homozygous Carim8A (28, 99) and Carim20A mutations (28)
lead to acidity mimicry, as shown by elevated PHR?2 expression
and absence of PHRI expression at both pH 4.0 and pH 7.5,
i.e., in a pH-independent manner. This is in complete agree-
ment with the A. nidulans model in Fig. 1 and demonstrates
that a pH signaling pathway isofunctional to the pal pathway
operates in C. albicans. Indeed, putative palB, palH, and pall
(but not palC) homologues are present in the C. albicans
genome (http:/genolist.pasteur.fr/CandidaDB/). CaRIMS ap-
pears to be an acid-expressed gene (99), although it remains to
be determined whether it is under the negative action of
CaRIMI101.

Involvement of pH Regulatory Genes in Filamentation
and Virulence

Since the absence of CaRIMI0I function leads to acidity
mimicry, it would be expected that filamentous growth, which
is favored by alkaline growth conditions, should be impaired in
a Carim10IA strain. In agreement, a Carim101 allele compro-
mised the ability of cells to filament on spider medium (133).
The Carim101A allele constructed by Ramon et al. (104) trun-
cates Rim101p upstream of the DNA binding domain and
almost certainly represents a null allele. A homozygous Ca-
rimI01A strain was completely deficient in filamentation on
both agar-solidified pH 7.5 199 medium and 10% serum me-
dium and was largely defective on spider medium (104). In
liquid 199 medium adjusted to pH 7.5, homozygous Cariml101
and Cariml101A strains were unable to filament. However, this
morphogenetic defect was not observed on incubation in se-
rum, which promotes filamentation (133). All the above data
show that although CaRIM101 plays a major role in filamen-
tation, it is not essential to filamentation under all growth
conditions.

In agreement with the model in Fig. 1, the acidity-mimicking
Carim20A and Carim8A mutations in homozygosis also prevent
filamentation on several (but not on all) growth media (28, 99,
133). Forced expression of PHRI did not restore the filamen-
tation defect of a Carim8A mutant, indicating that other
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CaRIM101-dependent, alkali-expressed genes are also re-
quired for hyphal development (and/or that expression of a
CaRIM101-dependent acid-expressed gene[s] is preventing
filamentation) (99).

Since acidity-mimicking Carim101, Carim8 or Carim20 ho-
mozygotes are impaired in filamentation and deficient in the
pH response, it was predicted that these strains should also be
largely avirulent. That the CaRIMI101 pathway is required for
pathogenesis in vivo was confirmed in a mouse model of sys-
temic candidiasis, where these mutants showed significant re-
ductions in virulence and development of kidney pathology
compared to the wild type and were less damaging to endo-
thelial cells, a process thought to precede the invasion of un-
derlying tissues (27). A dominant gain-of-function truncating
mutation in CaRIM101 resembling pacC¢ alkalinity-mimicking
mutations (28) rescued all virulence defects resulting from the
Carim8 homozygous mutation and was thus shown to be epi-
static in the mouse model to a mutation inactivating the
pal pathway (27). This establishes that the only function of
CaRim8p in infection takes place through the CaRIMI10I-de-
pendent regulation of genes involved in pathogenesis.

Alkalinity-Mimicking Mutations Truncating
CaRim101p

CaRIM101-405 is a constructed alkalinity-mimicking allele
(28) truncating the protein (and the mRNA) after Asn462.
This allele is epistatic to Carim8 and Carim20 mutations with
respect to filamentation defects, but the complete epistasis
seen under alkaline conditions is only partial under acidic
conditions, which indicates that double-mutant strains are still
to some extent pH dependent for filamentation. It is difficult to
judge the significance of this finding, since it has not yet been
established whether CaRim101p, like its A. nidulans and S.
cerevisiae homologues, is activated by proteolytic processing
and, if so, what is the approximate C-terminal residue of the
putative processed form. Genetic evidence (outlined below),
however, strongly suggests that CaRim101p is activated by a
processing reaction removing a negative-acting C-terminal do-
main. Moreover, as seen with certain YIRIMI0I alleles (see
below), mutational truncation of the mRNA might lead to
mRNA instability, possibly obscuring the mutant protein phe-
notype.

A genetic approach to isolating dominant, alkalinity-mim-
icking mutations in CaRIMI101 has also been used (37). Ho-
mozygous phr2A strains do not grow at acidic pH. Suppres-
sors of this conditional growth defect result from dominant
CaRIM101 mutations promoting pH-independent expression
of PHRI, which compensates for the loss of PHR2 (37). In
heterozygosis, these mutations also confer the ability to fila-
ment at acidic pH (37). CaRIM101-1426 (Gln476stop) removes
186 residues from the C terminus of CaRim101p, whereas
CaRIM101-1751 (Ser584stop) removes 78 residues (37). These
dominant alleles result in the ability to filament at acidic pH,
pH-independent expression of PHRI, and no expression of
PHR?2 at any ambient pH.

The dominant CaRIM101-1426 allele was unable to bypass
the filamentation defect of an efg/ A mutant strain, either alone
or in combination with a ¢phlA mutation, but was able to
suppress the weaker filamentation deficiency phenotype of a
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single cphlA mutation (37). These data show that although
CaRim101p plays a prominent role in controlling hyphal for-
mation, it does not do so independently of other regulatory
proteins. Efglp (116) is homologous to the S. cerevisiae tran-
scription factor Pdhlp, whose overexpression promotes pseu-
dohyphal growth (55), and to A. nidulans StuA, which is
involved in pseudohypha-like growth during conidiophore de-
velopment (36). Efglp inactivation largely restricts filamenta-
tion (73, 116). Efglp cooperates with C. albicans Cphlp (the S.
cerevisiae Ste12p homologue) to promote filamentous growth,
and a C. albicans cphl/cphl efgl/efgl double mutant is aviru-
lent and unable to form hyphae or pseudohyphae in response
to many stimuli (73).

Porta et al. (100) isolated extragenic dominant suppressors
of a Carim8A (prrlA) homozygous mutation leading to a fila-
mentation defect (see above). These were identified as sectors
of filamentous growth projecting from the otherwise smooth-
bordered nonfilamentous mutant colonies. All eight suppres-
sors thus isolated were found to be CaRIM10] nonsense mu-
tations truncating CaRim101p after residues 557 through 586,
thereby removing between 75 and 104 residues from the C ter-
minus of the protein (100). In their alkalinity mimicry, these
suppressors resemble pacC¢-truncating mutations. Taken to-
gether with the above data on truncating mutants (37), these
data show that CaRim101p contains a pH-dependent, C-ter-
minal negative-acting region and are consistent with C-termi-
nal proteolytic processing activation of CaRim101p, under-
scoring the strong parallels between PacC and CaRim101p
regulation (100).

Miihlschlegel and colleagues (F. Miihlschlegel, personal
communication) constructed a series of CaRim101p truncating
mutations by replacing codons 281, 305, 333, 385, 411, and 463
with nonsense codons. Mutants truncated after residues 280,
304, and 332, located within or immediately C-terminal to the
zinc finger region, are unable to suppress the phr2A mutation
for growth at pH 4, which strongly suggests that these three
mutations represent the loss-of-function class. It would be in-
teresting to know whether all or some of these severely trun-
cated proteins are also unable to repress PHR?2, as is the case
for a complete CaRim101p deficiency. Truncation after resi-
dues 384, 410, and 462 restores growth at pH 4 in a phr2A
background, which indicates that these proteins are compe-
tent to activate PHRI in a pH-independent manner. How-
ever, while a CaRim101p truncated after Asn462 is fully
competent to promote filamentation at acidic pH, a mutant
truncated after residue 410 is not. This strongly suggests that
sequences within residues 411 through 462 are essential to
promote filamentation by the activated Rim101p form but
not to activate PHRI expression (Miihlschlegel, personal
communication).

pH Regulation in Candida dubliniensis

C. dubliniensis is a dimorphic yeast which is phylogenetically
related to C. albicans but which appears to be a less aggressive
pathogen. C. dubliniensis causes disease mostly in human im-
munodeficiency virus-infected immunocompromised individu-
als, in which it leads to oropharyngeal candidiasis (58). This
yeast has PHRI and PHR2 homologues which are expressed in
a pH-dependent manner (58) and contains a CaRIMI10I-de-
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pendent pH regulatory circuit (Miihlschegel, personal commu-
nication).

pH REGULATION IN YARROWIA LIPOLYTICA

Regulation of Protease Gene Expression by Ambient pH

In Y. lipolytica, transcription of the XPR2 and AXPI genes,
encoding alkaline (Aep) and acidic (Axp) extracellular pro-
teases, respectively, is regulated by ambient pH. This has been
exploited by Gaillardin and colleagues to characterize the pH-
regulatory system of this dimorphic yeast (26, 69, 124).

With appropriate carbon and nitrogen nutrition, XPR2 is
expressed at pH 6.8 or above and its transcription is completely
prevented under acidic pH conditions. Therefore, XPR2 can
be viewed as a prototypical “alkaline” gene, as defined in the
A. nidulans system. Recessive mutations in four different loci
designated PAL1, PAL2, PAL3, and PAL4 prevent expression
of the alkaline protease at pH 6.8 and therefore result, at least
partially, in acidity mimicry. As discussed below, PAL2 and
PAL3 turned out to be the Yarrowia homologues of palH and
palF, respectively (124). A recent insertional mutagenesis
study (56) identified homologues for all other pal genes, with
the sole exception of palC, which appears to be absent from
Yarrowia, in agreement with its apparent absence from the
Candida and Saccharomyces genomes. Finally, a dominant,
gain-of-function RPH2 mutation in a sixth pH regulatory locus
(69) turned out to be a mutation in YIRIM101, which encodes
a 585-residue protein with 35% identity to PacC and a some-
what lower identity (28%) to S. cerevisiae Rim101p. Like its
homologues, YIRim101p contains three canonical Cys,His,
zinc fingers with very high amino acid sequence identity to
other members of the PacC/Rim101p family. As occurs with
other members of the family, the degree of sequence identity is
substantially lower outside the nearly N-terminally located
DNA binding domain.

Mutations in pal Genes

The phenotype of the classical pal2 (YIRIM21) and pal3
(YIRIMS) alleles was indistinguishable from that of the con-
structed null alleles (69, 124), confirming that, as in A. nidu-
lans, these acidity-mimicking mutations in the pal signaling
pathway genes represent the loss-of-function class. In contrast
to A. nidulans, however, these mutations as well as those re-
sulting from insertional inactivation of YIRIMY/pall, YIRIM20/
palA, and YIRIM13/palB, which prevent expression of the al-
kaline genes at alkaline pH, did not derepress the acidic AXP1
gene (69). In common with a YlrimI0IA allele, pal mutations
affected mating efficiency and sporulation, although the
YIRim101p requirement appeared to be more stringent (69)
(see below). In contrast to Saccharomyces, pal mutations do
not prevent invasiveness (124); in contrast to Candida, they do
not impair hyphal formation (although hyphal branching fre-
quency is increased) (56, 120, 124). Recent data (120) strongly
suggest that the known pH dependency of the transition from
the yeast to the hyphal mode of growth in Yarrowia reflects the
indirect control by ambient pH of the availability of organic
nitrogen sources in complex media, which would explain the
absence of morphogenetic defects resulting from pH-regula-
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tory mutations. Mutations in YIRIM13, YIRIM20, and YIRIM9
impaired growth at alkaline pH, but Y/RIM9 mutations, like
pall mutations, showed a much less pronounced effect (56).

Mutations in YIRIM101

The fact that a dominant gain-of-function mutation sup-
pressed the acidity mimicry of pal mutations with respect
to XPR2 expression was the basis for the identification of
YIRIM101 (69). The molecular characterization of a YIRIM101-
containing plasmid revealed that the construction resulted in
premature Y/RIM10! truncation after codon 473. Therefore, as
in PacC, a C-terminal region negatively modulates YIRim101p
in a pal pathway-dependent manner, as shown by epistasis of
the above truncating mutation to pal~ alleles. As predicted by
the PacC model, a null YlrimI0IA mutation leads to acidity
mimicry. Like pal™ mutations, Ylrim101A prevents the expres-
sion of both the acidic and the alkaline protease genes, impairs
growth at alkaline pH, and has no effect on invasiveness and
only a minor effect on hyphal formation (56, 69, 120).

The finding that mutations inactivating either YIRIMI0I or
the pal pathway, all of which classify as Aep~ Axp ™ in reporter
tests, did not result in derepression of an acid-expressed gene
such as AXPI was unexpected in view of the Aspergillus results.
This paradoxical result probably reflects the complex mode of
regulation of the AXPI acidic protease gene, which is regulated
by carbon and nitrogen sources as well as by specific induction
by peptides. This complex regulation was evidenced in an in-
sertional mutagenesis scan for genes affecting the expression of
these proteases (56), which identified, in addition to pH-reg-
ulatory genes, other genes encoding, for example, the Optlp
oligopeptide transporter and Ssy5p, a component of a sensing
complex which in budding yeast signals the presence of extra-
cellular amino acids (56). opt! or ssy5 mutations do not impair
pH-regulatory phenotypes other than expression of the pro-
tease genes and therefore most probably affect a pathway
required for protease induction. Thus, the reason why
YIRim101p inactivation does not lead to AXPI expression
under alkaline conditions might be that protease-specific in-
ducing conditions may not be achievable at alkaline pH (if, for
example, the “acidic” Axp enzyme were involved in producing
oligopeptides acting as specific inducers, as suggested by
Gonzalez-Lopez et al. [56]). In agreement with the above in-
terpretation, it was shown that the Yarrowia homologue of S.
cerevisiae YMR110c, a gene which is preferentially expressed at
acidic pH, is unaffected by Ylrim mutations at acidic pH but
clearly derepressed at alkaline pH, especially in a YlrimlI0IA
background (56). Therefore, in contrast to the AXPI gene,
YMRI10c is a prototypical acid-expressed gene, in agreement
with the model in Fig. 1.

The phenotype of extant YIRIM10! gain-of-function muta-
tions bypassing the pal pathway is heterogeneous, as expected
from the direct involvement of its product in pH regulation
(see below). This also reflects the major effects of truncating
the YIRIM10I mRNA on transcript stability. A reduction in
YIRim101p levels (e.g., through reduced transcript stability)
will have an opposing effect (i.e. partial loss of function) to the
gain of function resulting from C-terminal truncation of
YIRim101p (69). YIRIMI0I-1116 encodes a protein (and a
transcript) truncated after residue 473, leading to very low
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mRNA levels (69). mRNA instability possibly explains why this
allele leads to only partial elevation of XPR2 transcript levels at
acidic pH (i.e., XPR?2 transcription is still partially pH depen-
dent). A second constructed allele, YIRIM101-1119, encodes a
YIRim101p truncated after residue 330 (69), a position which
would be the approximate YIRim101p equivalent to the pro-
cessing site in PacC. The resulting transcript is also unstable,
but the activating functions of this mutant protein would ap-
pear to be less highly preserved (as determined by the only
partially pH-independent XPR2 expression) than the repress-
ing functions (as determined by the complete absence of AXP!
expression under acidic conditions) (69). In contrast to the
above mutations leading to mRNA instability, YIRIM10I-5
(encoding a YIRim101p truncated after residue 419 by intro-
ducing a stop codon into the otherwise wild-type mRNA) does
not affect transcript stability and leads to high, pH-indepen-
dent XPR?2 transcript levels and full pH-independent repres-
sion of AXPI (69). Therefore, the behavior of dominant YI-
RIM101 mutations approximates that of pacC® mutations and
is consistent with repression of acidic genes and activation of
alkaline genes by the transcription factor.

YIRim101p Binding Site

The in vivo role of the YIRim101p binding site(s) in the
XPR2 promoter has been confirmed by dimethyl sulfate foot-
printing analysis (7). The XPR2P UAS2 contains within a direct
decameric repeat located at positions —146 through —127 a
double direct repeat of a consensus PacC binding site, as de-
fined by Espeso et al. (43), which enhances transcriptional
activity when transplanted to a UAS2-deficient promoter (7,
78). The positive-acting role of this repeat on XPR2 transcrip-
tion is abolished in a null YIRIM101 background but is active in
a pH-independent manner in a YIRIM101-1119 strain, demon-
strating a direct activating role of the transcription factor on
this alkaline gene (78). However, this pH-independent positive
action is abolished in the presence of preferred carbon and
nitrogen sources, which strongly suggests that other proteins
may compete with Rim101p binding under such conditions to
shut off XPR2 transcription, whatever the ambient pH (78).
This is reminiscent of the situation in the A. nidulans GABA
permease gene promoter, where PacC, acting as a repressor,
competes for binding with the IntA/AmdR pathway-specific
activator at overlapping sites (39).

Possible Role of Plasma Membrane-to-Vacuole Endocytosis

The random insertional mutagenesis analysis of AXPI and
XPR?2 expression (56) revealed that the effects of inactivating
mutations in the Y. lipolytica VPS28 gene on protease expres-
sion are very similar to those of pal™ or YlrimI0I ™ mutations.
S. cerevisiae VPS28 is a class E VPS (for “Vacuolar Protein
Sorting”) gene. Class E VPS genes mediate trafficking out of
the prevacuolar compartment, where the vacuolar biogenesis
and the endocytotic pathways converge, into the vacuole. Mu-
tants with mutations in any of the class E genes accumulate an
enlarged version of the prevacuolar compartment (12). Vps28p
is, with class E products Vps23p and Vps37p, a member of the
endosomal sorting complex ESCRT-1, whose function is re-
quired for sorting of endocytosed cargo into the multivesicular
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body vesicles forming in the late endosome (63). The possible
role of Vps28p in pH regulation merits consideration, since
Ylvps28 mutants share phenotypic characteristics of YloptI and
Yissy5 mutants (56, 120) and thus Vps28p might be involved in
the specific induction of the protease genes rather than in pH
regulation. However, at least two observations had previously
pointed toward the possible involvement of membrane-to-vac-
uole endocytotic trafficking in the pH-regulatory circuitry.
First, two-hybrid screens involving the complete yeast pro-
teome (60, 125) revealed that both Rim13p/PalB and Rim20p/
PalA interact with Snf7p/Vps32p, another class E Vps protein.
Moreover, the Vpsdp AAA ATPase, another class E product
which interacts with and regulates the membrane association
of Snf7p (5), also interacts with Rim20p. Secondly, Brolp (92)
is another S. cerevisiae Rim20p/PalA-like homologue (90)
which is not involved in pH regulation (135). Brolp has been
isolated from cell extracts in a complex with Snf7p/Vps32p and
TAP-tagged Vpsdp (52), possibly validating ex vivo data for
Rim20p interactions. Therefore, both Rim20p/PalA and its
Brolp possible homologue have been shown to form com-
plexes with Vps32p and Vpsdp, suggesting that these putative
homologues share the ability to interact with these “endocy-
totic” proteins. In agreement with a role for Brolp in endocy-
tosis, brol mutations were among recessive mutations affecting
several genes controlling different aspects of post-Golgi endo-
somal-vacuolar protein sorting, selected as suppressing muta-
tions inactivating the yeast Ssylp-Ptr3p-Ssy5Sp (STS) plasma
membrane amino acid sensor complex (45). (It should be re-
called that SsySp plays a critical role in regulating Y. lipolytica
AXPI and XPR?2 expression [see above].) The possible role of
endocytosis in pH regulation is an open question, and, as
speculated by Xu and Mitchell (135), it is possible that either
the ambient pH membrane receptor is active only after its
endocytosis or the acidification of endocytosed fluid is the
actual signal by which cells measure ambient pH.

pH REGULATION: SOME PRACTICAL APPLICATIONS

Antibiotic Production

Alkaline growth conditions and alkalinity-mimicking pacC¢
mutations substantially increase penicillin production in the
model organism A. nidulans (42, 112), where acvA, ipnA, and
acyA, the three structural genes required for penicillin biosyn-
thesis from precursor amino acids, are under the positive ac-
tion of PacC (42, 97, 121; E. A. Espeso and M. A. Penalva.,
unpublished data). (The direct control of the ipnA4 promoter by
PacC has been discussed above.) The positive action of PacC-
mediated pH regulation overrides the negative effects of a
repressing carbon source, although pH and carbon regulation
normally act in concert, since poor derepressing carbon
sources lead to external alkalinization, possibly because they
favor the utilization of the carbon skeleton of amino acids with
subsequent release of ammonia (42). These findings stimulated
the characterization of pacC in the industrially important pro-
ducer P. chrysogenum (119), whose product also recognizes in
vitro the GCCARG PacC consensus (43, 122) in the bidirec-
tional promoter of the acvA-ipnA P. chrysogenum homologues
pcbAB-pcbC (119). It has been demonstrated that P. chrysoge-
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num pacC mutations equivalent to alkalinity-mimicking pacC®
mutations indeed result in penicillin overproduction (T. Sua-
rez, H. N. Arst, Jr., G. Turner, and M. A. Penalva, interna-
tional patent application PCT/ES00/00464). The details of reg-
ulation, however, differ in the two organisms because alkaline
pH does not override the negative effects of a repressing car-
bon source in P. chrysogenum (119). The finding that tailored
pacC mutations can improve B-lactam antibiotic yields in an
industrially useful antibiotic producer might be very important
commercially because transcript level determinations and gel
retardation experiments indicate that pH regulation is also
likely to play an important role in cephalosporin (another
B-lactam antibiotic) production by the industrially important
Acremonium chrysogenum (110).

The antifungal protein AFP secreted by Aspergillus giganteus
(67) is a S1-residue polypeptide antibiotic which inhibits the
growth of a number of filamentous fungi. This remarkably
stable protein (67), folded in a five-stranded compact B-barrel
stabilized by four internal disulfide bridges (19), promotes the
aggregation of acidic phospholipid vesicles (67). The afp gene
has been recently shown to be transcriptionally regulated by
ambient pH, showing a prototypical alkaline gene expression
pattern, which suggests that it is under PacC control, in agree-
ment with the presence of two putative PacC binding sites
within its 5" upstream region (80).

Prevention of Toxin Production

Production of aflatoxin by Aspergillus parasiticus is highest
under acidic growth conditions, as is production of sterigmato-
cystin, an aflatoxin precursor and a toxin in its own right, by 4.
nidulans (64). An alkalinity-mimicking pacC® mutation drasti-
cally reduces sterigmatocystin production (64).

Enzyme Production

Commercially important secreted enzymes subject to pH
regulation offer obvious potential for exploiting the response
to ambient pH. A. niger is an important producer of extracel-
lular enzymes, many of which are subject to pacC-mediated pH
regulation (61, 76, 126, 127). In another example, ambient pH
influences both the production and glycosylation of A. niger
glucoamylase (131). The promoter of the Aspergillus tubingen-
sis xylanase-encoding gene xlnA4 (30) merits mention. This pro-
moter is strictly dependent on xylan induction mediated
through three target heptanucleotides for the pathway-specific
zinc binuclear cluster transcription factor XInR (129). Each of
these sites is located within a 14-bp repeat and is overlapped by
consensus (repeats 2 and 3) or near-consensus (repeat 1) PacC
binding sites (30). This situation is remarkably similar to that
found in the acid-expressed gabA promoter of A. nidulans (39),
which would suggest that PacC here also prevents the expres-
sion of a structural gene by competing with the pathway-spe-
cific activator for target site binding. However, although the
regular arrangement and overlapping of XInR and PacC bind-
ing sites in this promoter almost certainly indicate control by
PacC, it remains to be established whether A. tubingensis xInA,
like A. nidulans xInA and xInB, is pH regulated.

The use of pH-regulated promoters for protein production
by fungi is an equally obvious target for exploitation. For ex-
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ample, loss-of-function, acidity-mimicking palB mutations en-
hance the production of a Thermomyces lamuginosus lipase
expressed in Aspergillus oryzae (137) and an alkaline protease
promoter has been shown to be useful to drive the synthesis of
an extracellular enzyme under alkaline conditions (132).

Targets for Preventing Animal Pathogenicity

The involvement of the pH-regulatory system in fungal
pathogenicity of animals was unknowingly demonstrated by
using A. nidulans three decades ago (103). Compared to the
wild type, strains carrying a palA, palB, or palF mutation
showed reduced virulence after inoculation into mice. A pacC¢
mutation had no effect on virulence, and the reduced virulence
associated with a pa/B mutation was hypostatic to the virulence
of a pacC® mutation in a double mutant, consistent with the
epistasis of pacC mutations to pH signal transduction pal
mutations seen in biochemical and physiological tests. The
thoroughly studied involvement of the pH-regulatory system in
virulence of C. albicans is described above.

Ambient pH also appears to be an important signal control-
ling the levels of expression of a number of virulence determi-
nants in the insect pathogen Metarhizium anisopliae, where
expression levels change in concert with rising pH during the
infection process (115). This example also suggests that the
release of ammonia by fungi under certain limiting carbon and
nitrogen source conditions may serve to tailor the pH of the
microbial microenvironment to values at which extracellular
activities are most efficient or become most useful, as sug-
gested for penicillin production, where antibiotic excretion
might help the fungal colony to compete for nutrients under
conditions of carbon limitation leading to ambient pH alkalin-
ization (42).

Targets for Preventing Plant Pathogenicity

pH regulation is likely to be an important determinant in
fungal phytopathogenicity. Acidic ambient pH is important for
the establishment of plant infections by Sclerotinia sclerotio-
rum, and the expression of acpl, encoding a non-aspartyl acid
protease, and pgl, encoding an endopolygalacturonase, both
likely to play important roles in infection, is elevated under
acidic conditions (101, 106). Sclerotial development, necessary
for long-term survival, also requires acidic conditions (106). A
pacC homologue is, like A. nidulans pacC, alkali expressed, and
the ambient pH regulatory system has been proposed to play
an important role in pathogenicity (106). In contrast, pathoge-
nicity by Colletotrichum gloeosporioides and expression of a
pectate lyase gene important for virulence are dependent on
the rise in pH occurring during fruit ripening, which the fungus
accelerates by secreting ammonia (102, 136).

The pacC gene of Fusarium oxysporum, a pathogen which
causes vascular wilt disease in a wide variety of economically
important crops, has been characterized and shown to be an
alkali-expressed gene (A. Di Pietro, personal communica-
tion). As in A. nidulans, F. oxysporum strains carrying a
loss-of-function mutation or a dominant, truncated gain-of-
function pacC¢ allele showed acidity-mimicking and alkalinity-
mimicking phenotypes, respectively. The loss-of-function mu-
tant grew poorly at alkaline pH, showed overexpression of
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acid-expressed polygalacturonase genes at acidic pH, and se-
creted increased levels of acid protease. In contrast, a mutant
carrying the pacC¢ allele had reduced acidic protease and in-
creased alkaline protease activities. In infection assays with
tomato plants, the loss-of-function mutant was as virulent as
the wild-type strain whereas transformants carrying a pacC®
allele had significantly reduced virulence, suggesting that re-
duced virulence of the pacC® mutant might result from inap-
propriately reduced expression of acidic genes important for
infection (or, less likely, from elevated expression of alkaline
genes) (Di Pietro, personal communication).

PERSPECTIVES

Those who pay the bill for the research described above (i.e.,
the public) will wish to know whether inhibitors of the pH
regulatory system can be obtained and, if so, whether they will
prevent fungal pathogenesis of animals (particularly humans)
and/or plants. They might also wish to know whether such
inhibitors will curtail contamination of foods by fungal toxins.
The answers to these questions are likely to be forthcoming,
and any affirmative responses are likely to be greatly beneficial.

Those who do the research and those who read about it in
the scientific literature will wish, in the era of genomics and
proteomics, to know the full extent of the range of activities
subject to pH regulation. They might also wish to know the
relationship between pH regulation and pH homeostasis, how
the transcription factor-encoding genes pacC/RIMI101 are
themselves regulated, and the identity of the processing pro-
tease. They will surely want to know precisely how ambient pH
is sensed and how the signal is transmitted to PacC/Rim101p,
a biologically novel process which we are only beginning to
glimpse. Finally, they are likely to be fascinated by the pres-
ence of pH-regulatory system component homologues beyond
the fungal kingdom. Is pH regulation the ancestral function,
and what are the current functions of the homologues in other
kingdoms?
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