MOLECULAR AND CELLULAR BIOLOGY, Mar. 2001, p. 1688-1699
0270-7306/01/$04.00+0 DOI: 10.1128/MCB.21.5.1688-1699.2001

Vol. 21, No. 5

Copyright © 2001, American Society for Microbiology. All Rights Reserved.

Ambient pH Signaling Regulates Nuclear Localization of the
Aspergillus nidulans PacC Transcription Factor

JOSE M. MINGOT,# EDUARDO A. ESPESO, ELIECER DIEZ, axp MIGUEL A. PENALVA*
Centro de Investigaciones Biologicas CSIC, Madrid 28006, Spain

Received 10 August 2000/Returned for modification 11 October 2000/Accepted 7 December 2000

The Aspergillus nidulans zinc finger transcription factor PacC is activated by proteolytic processing in
response to ambient alkaline pH. The pH-regulated step is the transition of full-length PacC from a closed to
an open, protease-accessible conformation. Here we show that in the absence of ambient pH signaling, the
C-terminal negative-acting domain prevents the nuclear localization of full-length closed PacC. In contrast, the
processed PacC form is almost exclusively nuclear at any ambient pH. In the presence of ambient pH signaling,
the fraction of PacC that is in the open conformation but has not yet been processed localizes to the nucleus.
Therefore, ambient alkaline pH leads to an increase in nuclear PacC by promoting the proteolytic elimination
of the negative-acting domain to yield the processed form and by increasing the proportion of full-length
protein that is in the open conformation. These findings explain why mutations resulting in commitment of
PacC to processing irrespective of ambient pH lead to permanent PacC activation and alkalinity mimicry. A
nuclear import signal that targets Escherichia coli 3-galactosidase to the nucleus has been located to the PacC
zinc finger region. A mutation abolishing DNA binding does not prevent nuclear localization of the processed
form, showing that PacC processing does not lead to nuclear localization by passive diffusion of the protein

made possible by the reduction in size, followed by retention in the nucleus after DNA binding.

Proteolytic processing activation of transcription factors in
response to their cognate environmental signals occurs across
distant groups of eukaryotic organisms. pH regulation of gene
expression in the mold Aspergillus nidulans is one such exam-
ple. Here, the key regulatory zinc finger protein PacC activates
alkaline genes and represses acidic genes according to the
needs imposed by ambient pH, thereby providing the organism
with one prerequisite for growing in environments as acidic as
pH 2.5 or as alkaline as pH 10.5 (7, 59). Other prototypical
members of the group of transcription factors activated by
proteolytic processing are the immune and inflammatory re-
sponse regulator NF-«kB (23, 58), the Drosophila melanogaster
cubitus interruptus (Ci) zinc finger factor (the transducer of the
hedgehog signal) (29, 53), and the sterol regulatory element-
binding protein (SREBP), which switches on genes for choles-
terol biosynthesis and fat metabolism (5, 6).

The zinc finger transcription factor PacC is synthesized as a
674-residue precursor. At alkaline ambient pH, a signal trans-
mitted to PacC by the orphan pal gene signal transduction
pathway (13, 14, 37, 43, 44) results in a conformational change
leading to an open conformation in which PacC is accessible to
a processing protease (18, 41, 47). This protease removes ~400
residues from the C terminus, which includes a negative-acting
domain. The resulting product (248 to 250 residues) (41) is
fully competent in transcriptional regulation through 5’-GCC
ARG-3' sites (20) in the promoters of both alkaline (activated
by PacC) (17) and acidic (repressed by PacC) (16) genes.

Prototypical NF-kB is a heterodimer of p50 and p65 (RelA)
subunits. p50 originates from proteolytic processing of a p105
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precursor. As in PacC, a C-terminal moiety in p105 is a cis- and
negative-acting domain in the p105/p65 heterodimer. This neg-
ative function can be also provided in frans by members of the
IkB family of inhibitory proteins, which are homologues of the
pl05 C-terminal moiety and form heterotrimeric complexes
with p50 and p65. Both the C-terminal moiety of p105 (4, 25,
51) and the IkB proteins (3, 28, 30, 65, 66) preclude the nuclear
localization of NF-kB and its binding to DNA. In cubitus in-
terruptus (2) and SREBP (5, 6, 54), the presence of negative-
acting domains C terminal to the mature polypeptide also
precludes nuclear localization. The fact that in all cases in
which the role of the negative-acting domains removable by
proteolysis has been investigated such domains preclude nu-
clear localization underlines the regulatory possibilities offered
by the separation into distinct nuclear and cytoplasmic com-
partments that characterizes eukaryotic cells.

Because translation takes place in the cytoplasm, transcrip-
tion factors need to be imported into and may also be exported
from the nucleus. All passive and active transport into and out
of the nucleus occurs through the nuclear pore complexes
(NPGCs) in the nuclear envelope, which provide a diffusion
channel for macromolecules smaller than ~40 to 60 kDa (45).
However, transport of macromolecules through the NPCs is
generally energy dependent and requires components of the
Ran GTPase system as well as transport (both import and
export) receptors and adapter molecules recognizing nuclear
localization signals and nuclear export signals in their cargoes
(see references 24 and 42 for reviews). The fact that such
signals as well as domains involved in their intramolecular
masking may be cleaved off after appropriate signaling opens
new regulatory possibilities in this category of transcription
factors.

We use the genetically amenable system of pH regulation in
A. nidulans to understand the mechanisms underlying the reg-



VoL. 21, 2001

AMBIENT pH SIGNALING AND NUCLEAR LOCALIZATION OF PacC 1689

TABLE 1. Plasmids used in this work and deduced fusion protein products

Construct

Polypeptide encoded by alcAP-driven transgene

plalcA?:: | RO
plalcA?::
plalcAP::GFP::PacC(5-678)]
plalcAP::PacC(5-678)::GFP]
plalcAP::PacC(5-250)::GFP]......

plalcAP::PacC(5-250)°"%::GFP]
plalcAP::PacC(241-280)::GFP]..
plalcAP::PacC(5-273)::GFP]
plalcAP::PacC(250-678)::GFP]
plalcAP::PacC(5-173)::GFP]...
plalcAP::PacC(66-173)::GFP]
plalcAP::PacC(173-250)::GFP]
plalcAP::PacC(66-250)::GFP].
plalcAP::PacC(5-234)::lacZ] ...
plalcAP::PacC(169-234)::lacZ]

...sGFP-GlySerPro-PacC(5-250)-GlyAsnSerSer
sGFP-GlySerPro-PacC(5-678)
PacC(5-678)-GlyAsnSerSer-sGFP

...PacC(241-280)-Gly-sGFP
PacC(5-273)-GlyAsnSerSer-sGFP
PacC(250-678)-GlyAsnSerSer-sGFP
...PacC(5-173)-GlyAsnSerSer-sGFP
PacC(66-173)-GlyAsnSerSer-sGFP
PacC(173-250)-GlyAsnSerSer-sGFP
...PacC(66-250)-GlyAsnSerSer-sGFP
...PacC(5-234)-SerLeuAlaleu-LacZ
PacC(169-234)-SerLeuAlalLeu-LacZ

“sGFP is the sGFP-TYG version of the GFP (9).

ulation of gene expression through transcription factor proteo-
lytic processing. Briefly, two different conformations (“open”
and “closed”) of the precursor form and the processed protein
participate in pH regulation (18, 41, 47). By preventing the
closed-to-open conformation transition (18), mutational inac-
tivation of any of the six palA, -B, -C, -F, -H, and -I genes of the
ambient pH signaling pathway prevents proteolytic processing
activation (47) and leads to the absence of pacC function (59)
and acidity mimicry (1, 7). pacC mutations such as pacC*”
20205, leading to an inability to undergo the conformational
change at any ambient pH, result in permanently closed PacC
and thereby prevent proteolytic processing and, similarly to
pal” mutations, lead to a loss-of-function (pacC*"") acidity
mimicry phenotype (18, 41). Finally, by disrupting interactions
between a C-terminal domain of PacC and upstream regions
that maintain the closed conformation (18), another class of
mutations (pacC¢) results in commitment of PacC to the open
conformation, consequent processing at any ambient pH (41,
47), and an alkalinity mimicry, gain-of-function phenotype
(59). This pacCe class includes missense mutations affecting
PacC residues critical for the interactions described above and
C-terminal truncation mutations.

Here we address the role of the C-terminal, negative-acting
domain of PacC and demonstrate that, by governing the pro-
teolytic removal of this domain, the ambient pH signal regu-
lates the subcellular localization of PacC, which is largely cy-
toplasmic under acidic conditions. In contrast, an almost
exclusive nuclear localization is seen under alkaline conditions,
and this correlates with proteolytic processing. A fraction of
the full-length form, probably in the open conformation, is able
to enter into the nucleus.

MATERIALS AND METHODS

Aspergillus techniques and media. A. nidulans strains carrying markers in
standard use and standard genetic procedures were used (10). Media and phe-
notype testing for pH regulatory mutations have been described previously (1, 7).
Complex PPB broth (41) with 3% (wt/vol) sucrose as a carbon source was used
for A. nidulans liquid cultures. This broth was adjusted to an acidic, neutral, or
alkaline pH according to reference 47. For strains carrying alcAP-driven trans-
genes, mycelia were pregrown for 14 to 18 h in acidic PPB medium containing
3% glucose as a carbon source (repressing conditions) and transferred to fresh
medium adjusted to different pH values and containing 0.05% glucose and 100
mM threonine (inducing conditions). Mycelia were incubated for a further 8 h

before being used for protein extraction, subcellular fractionation, and/or micro-
scopic observation. Alternatively, conidiospores were germinated for 14 h at
37°C in minimal or PPB medium containing 0.05% (wt/vol) glucose and 100 mM
threonine, adjusted to different pH values as in reference 47.

Subcellular fractionation procedure and protein extraction. For subcellular
fractionation and protein extraction, we used a modification of a published
procedure (63). Washed mycelia were resuspended in buffer LYS, which con-
tained 50 mM Tris-HCI (pH 7.5), 5 mM magnesium acetate, 5 mM EGTA, 3 mM
CaCl,, 3 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride
(PMSF), 2 uM pepstatin, 1 M sorbitol, 7% (wt/vol) Ficoll 400, and 20% glycerol,
and lysed with glass beads in a Braun MSK cell disrupter. The lysate was gently
mixed in the cold with 2 volumes of buffer CUS (25 mM Tris-HCI [pH 7.5], 5 mM
magnesium acetate, 5 mM EGTA, 1 mM DTT, 0.25 mM PMSF, 10% glycerol),
laid on top of a 1:1.7 mixture of buffers LYS and CUS, and centrifuged for 7 min
at 4,000 rpm in a Sorvall HB4 rotor. The lower phase, containing cell debris, was
discarded. The upper phase was loaded on top of a buffer NUC cushion (buffer
NUC is 25 mM Tris-HCI [pH 7.5], 1 M sucrose, 5 mM magnesium acetate, 5 mM
EGTA, and 10% glycerol) and centrifuged for 15 min at 7,000 rpm in an HB4
rotor. This step resulted in a nuclear pellet with a microsomal fraction sediment-
ing in the interphase and a cytoplasmic fraction in the upper phase. The nuclear
pellet was resuspended in buffer A (25 mM HEPES [pH 7.9], 5 mM MgCl, 0.1
mM EDTA, 20% glycerol, 1 mM PMSF, 1 pM pepstatin, 0.6 uM leupeptin) with
50 mM KCl, and nuclear protein was extracted with 0.4 M ammonium sulfate.
After removal of DNA and debris by centrifugation at 100,000 X g, the cleared
nuclear extract was dialyzed against buffer A containing 100 mM KCI. The upper
(cytoplasmic) phase was extracted with 0.4 M ammonium sulfate as described
above, concentrated by ammonium sulfate precipitation, and desalted through a
PD-10 column equilibrated with buffer A containing 100 mM KCI. Mycelial
(total) protein extracts were prepared as described previously (47). Protein
fractions were stored at —80°C. The presence of nuclei exclusively in the nuclear
fraction and their absence from the cytosolic fraction were confirmed by DAPI
(4',6'-diamidino-2-phenylindole) staining.

Plasmids and recombinant strains. Plasmid pAN 52-1 sGFP (48) (obtained
from C. Scazzocchio) contains the coding region of sSGFP-TYG (9), previously
used to track the subcellular localization of transcription factors in A. nidulans
(21, 48). pALC-argB(BglII) was used for the expression of green flourescent
protein (GFP) and lacZ fusion proteins under alcA” control. This plasmid (41)
contains a frameshift argB ™~ allele that we used to target all of the transforming
constructs to the argB2 mutant allele of the recipient strains, which prevented
possible position effects on the expression of the transgenes. The recombinant
plasmids derived from pALC-argB(BglII) are detailed in Table 1. These were
constructed by standard recombinant techniques or by PCR and were trans-
formed (60) into ApacC argB2 and ApacC palAl argB2 strains (41), as appropri-
ate. The correct in-frame joining of the fragments and the absence of introduced
mutations in PCR-amplified fragments were verified by automatic DNA se-
quencing. The correct integration of the transforming plasmid in the argB locus
was verified by Southern analysis. All recombinant strains carried single-copy
integration events, with the exception of p[alcA”::PacC(241-280)::GFP]- and
plalcAP::PacC(5-250)2'53K::GFP]-transformed strains, for which double integra-
tion events were the lowest copy number recovered. For experiments involving
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the latter transgene, a control transformant carrying a double-integration event
of the wild-type p[alcA”::PacC(5-250)::GFP] construct was used. The subcellular
localization of the encoded fusion protein in this double-copy transformant was
indistinguishable from that of its corresponding single-copy transformant.
Growth tests under inducing and repressing conditions were used to confirm that
the phenotype exclusively resulted from expression of the transgene.

EMSA and Western blot analysis. Total, cytoplasmic, and nuclear extracts
were analyzed by Western blotting and electrophoretic mobility shift assay
(EMSA) as described previously (41). Rat anti-PacC DNA binding domain
antiserum (used at 1/4,000) was directed against PacC(5-265) (41). Rabbit anti-
PacC C-terminal region antiserum (used at 1/2,000) was directed against residues
529 through 678. Rabbit anti-GFP antiserum (used at 1/3,000) was obtained from
Clontech. Rabbit anti-yeast hexokinase antiserum (used at 1/20,000) was ob-
tained from Chemicom and recognizes a protein with the expected electro-
phoretic mobility of A. nidulans hexokinase. In these cases, peroxidase-coupled
goat anti-rabbit (Sigma) antiserum was used as a secondary antibody.

Microscopy. Mycelial samples taken at appropriate times after induction of
transgenes were washed three times in water, and the subcellular distribution of
green fluorescence was observed under a Zeiss epifluorescence microscope with
495- and 530-nm excitation and emission filters, respectively. Images were col-
lected with an IPLab Spectrum system and transferred to Adobe Photoshop,
version 4.0. Samples stained with DAPI (0.1 wg/ml) were fixed with formalde-
hyde and washed in phosphate-buffered saline before microscopy.

RESULTS

Interactions between the C-terminal region and upstream
regions in the full-length PacC form do not prevent binding to
DNA. In agreement with previous work with A. nidulans (41,
47), extracts of yeast strains expressing either PacC(5-678) or
PacC(5-265) proteins (the latter approximating the processed
form) contained similar levels of these proteins, as monitored
by Western analysis, and similar levels of PacC DNA binding
activity, as determined by the amounts of their respective
DNA-protein complexes in EMSA (data not shown), which
confirms that the negative action of the C-terminal region in
the full-length form does not result from prevention of DNA
binding. Proteins expressed in yeast were used in this experi-
ment so that the full-length form would not be processed (41).

The processed PacC form is localized in the nucleus. A
plausible explanation for the negative action of the C-terminal
region in PacC would be that its presence or absence affects the
PacC nucleocytoplasmic distribution. To address this possibil-
ity, we used a subcellular fractionation procedure to prepare
nuclear and cytoplasmic fractions of A. nidulans in different
mutants and in the wild type and examined the distribution of
full-length and processed PacC by Western blot analysis (using
antiserum against the nearly N-terminal zinc finger region) and
by a sensitive EMSA (Fig. 1). Western analysis of the glyco-
Iytic, cytosolic enzyme hexokinase was used to confirm that the
nuclear fractions were largely free of cytoplasmic contamina-
tion (Fig. 1).

In a wild-type strain grown under acidic conditions, proteo-
lytic activation of PacC is largely prevented, and the full-length
form predominates over the processed form (47) (Fig. 1A and
B, lanes 3). This processed form is largely enriched in the
nuclear fraction and is virtually undetectable in the cytosol
(Fig. 1A and B, lanes 1 and 2). Under acidic conditions, the
alkalinity-mimicking pacC14 mutation results in predomi-
nance of the processed PacC form that cofractionates with the
nuclear fraction (Fig. 1A and B, lanes 4 to 6). A similar result
was obtained for the pacC<50 product (data not shown). The
alkalinity-mimicking pacC50 mutation truncates PacC only
~13 residues downstream of the deduced processing limit.
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FIG. 1. Subcellular PacC localization in wild-type and mutant
strains in pH regulation. Protein extracts from the nuclear (N) or
cytoplasmic (C) fractions or the total cell (T) (see Materials and
Methods) of the indicated strains were analyzed by EMSA with a
PacC-specific DNA probe (A) or by Western blotting (B) with antisera
against the PacC DNA binding domain. Strains were grown on su-
crose-MFA for 24 h at 37°C under acidic pH conditions. (A) Five
micrograms of each extract was incubated with the DNA probe. FL
indicates the protein-DNA complex corresponding to the PacC pri-
mary translation product, and P denotes the complex corresponding to
the processed PacC form. A longer exposure of the region of the gel
including the complex corresponding to the truncated (after residue
492) pacC¢14 primary translation product (FL') is shown on the right.
(B) Fifty micrograms of each protein extract was analyzed by Western
blotting, both with an anti-PacC (a-PacC) antiserum and with an
antihexokinase («-HXK) antiserum, as indicated.

Taken together, these data strongly suggest that the processed
PacC form is predominantly nuclear, which agrees with its
function as a transcription factor. Second, they indicate that
the pH signal (whose requirement for processing is bypassed
by the alkalinity-mimicking pacC¢ mutation) leads to nuclear
PacC localization at least in part by promoting PacC proteo-
lytic processing.

To confirm the nuclear localization of the processed PacC
form in vivo, we constructed a transgene encoding a PacC(5-
250) protein (approximating the processed form) tagged with
GFP in its N terminus (Table 1 and Fig. 2) under the control
of the threonine-inducible alcA promoter. This GFP::PacC(5-
250) construct and a control construct driving expression of
GFP (without PacC sequences) were transformed into a null
ApacC background in either the presence or the absence (in-
activated by the pal4Al mutation) of a functional pal gene
pathway. To avoid position effects, these and all other further
constructs were targeted in single or double copy to the argB
locus. The null, strongly acidity-mimicking ApacC allele leads
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FIG. 2. Schematic representation of PacC derivatives used in this
work as GFP fusion proteins. All fusion proteins were expressed by
using the alcohol dehydrogenase I promoter, which is inducible by
threonine. The full-length PacC protein (residues 5 to 678; codon 5 is
the major translation start codon) is illustrated as an open rectangle,
with the zinc finger region shown in black. The approximate position of
the processing site in full-length PacC fusion proteins is shown by a
dashed line and indicated by an arrow. The fusion proteins are denoted
here and throughout the text according to the N-terminal or C-termi-
nal position of GFP and the amino acid coordinates of the correspond-
ing PacC polypeptide.

to poor conidiation and lack of growth at alkaline pH (59).
Expression of GFP::PacC(5-250) restored both conidiation
and the ability to grow at alkaline pH in both the ApacC and
the ApacC palAl backgrounds (data not shown), indicating
that the N-terminal GFP tag in this processed PacC does not
impair its function. In a control strain expressing GFP without
PacC sequences, fluorescence was found throughout the hy-
phae (Fig. 3A and C). In contrast, in strains expressing the
GFP::PacC(5-250) fusion protein cultured at different pH val-
ues, the fluorescence localized in the nuclei, regardless of
whether the transfer pH was acidic or alkaline or the functional
status of the pal pathway (Fig. 3B). Western blotting and
EMSA showed that GFP::PacC(5-250) was largely intact un-
der all conditions tested (Fig. 4A and B, right panels). These
results agree with those of the subcellular fractionation exper-
iments presented above and demonstrate the preferential and
ambient pH signal-independent nuclear localization of the
processed PacC form in vivo.

The full-length form is normally distributed between nuclei
and cytosol, but is largely cytosolic in the absence of the pal
signal. In contrast to the preferential nuclear localization of
the processed form, the full-length form that predominates in
the wild type grown under acidic conditions was found in both
the nuclear and the cytosolic fractions (Fig. 1A and B, lanes 1
to 3). The acidity-mimicking pal4l mutation, which inter-
rupted the pH signaling pathway and prevented proteolytic
processing, resulted in the almost exclusively cytosolic local-
ization of the full-length form (Fig. 1A and B, lanes 7 to 9).
That this effect is not specific to pal4~ alleles was confirmed by
a subcellular fractionation experiment with a palHI7 strain,
which gave essentially the same results (data not shown).
These data showed that in the presence of a functional pal
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pathway, the full-length PacC form distributes between nuclei
and cytosol, but in its absence, this full-length form is predom-
inantly cytosolic. In addition, this indicates that the full-length
protein is able to enter the nucleus and that a certain degree of
ambient pH signaling (which under the moderately acidic
growth conditions used here takes place in the wild type, but
not in the palA1 strain) is required for the nuclear localization
of a proportion of the full-length form.

To confirm that a proportion of the full-length form is able
to enter the nucleus, we used two fusion proteins in which a
GFP tag was attached to the C-terminal residue of PacC. One
protein, denoted PacC(5-678)::GFP, corresponds to the full-
length PacC protein (Fig. 2 and Table 1). A second, denoted
PacC(250-678)::GFP, corresponds to the region of PacC that
is removed by proteolytic processing (Fig. 2 and Table 1).
PacC(5-678)::GFP can be proteolytically processed (data not
shown). Under acidic conditions, the (GFP-tagged) full-length
fusion protein predominates, but some processing occurs (data
not shown). The resulting processed PacC form is released
from the C-terminal moiety of PacC tagged with GFP after
residue 678 and therefore is not fluorescent (see the scheme in
Fig. 2). Therefore, nuclear green fluorescence would indicate
the nuclear localization either of a proportion of the full-length
PacC form or of the hypothetical C-terminal polypeptide that
would be released after processing. Figure SA shows that in a
strain expressing PacC(5-678)::GFP grown under acidic con-
ditions, fluorescent nuclei were clearly observed over the cy-
tosolic background. This contrasted with strains either express-
ing GFP alone (Fig. 3A and C and Fig. 5A) or expressing a
PacC(250-678)::GFP fusion protein containing the C-terminal
moiety (Fig. 5B and C), in which fluorescence was similar
throughout the cells. In control strains expressing PacC(5-
273)::GFP or PacC(5-250)::GFP (Fig. 2), fluorescence colocal-
ized with nuclei (Fig. 5SA and B). Taken together, all of the
results presented above strongly indicate that at least part of
the full-length form is able to get into the nucleus. No indica-
tion of nuclear exclusion of the PacC(250-678)::GFP polypep-
tide, which might have suggested the presence of a nuclear
export signal in PacC residues 250 through 678, was observed.

In the absence of the pal signal, the region of PacC removed
by proteolytic processing prevents the nuclear localization of
the full-length form in vivo. To analyze in vivo the changes in
the subcellular localization of PacC under different ambient
conditions, we constructed palA™ and palAl strains showing
expression under the control of alc4” a GFP::PacC(5-678)
fusion protein (Table 1 and Fig. 2) in a null ApacC background.
In this fusion protein, GFP is attached to the N terminus of
full-length PacC, because this relative arrangement guarantees
that the fluorescent tag is not removed by proteolytic process-
ing, which eliminates the PacC C terminus. The phenotype of
these strains is indistinguishable from those of the correspond-
ing strains expressing untagged PacC(5-678) with regard to
alkaline pH growth and hypostasis of the introduced transgene
to the palAl mutation, indicating that the function of these
proteins is under ambient pH control and that the presence of
the GFP tag in the N terminus of PacC does not preclude its
function.

Under acidic conditions, the subcellular distribution of
GFP::PacC(5-678) largely resembled that of GFP (Fig. 3A and
C). In contrast to the GFP strain, however, weak fluorescence
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FIG. 3. Changes in the subcellular localization in vivo of GFP-tagged full-length and processed PacC forms in response to ambient pH changes.
Strains were pregrown under acidic, repressing conditions for alc4” and transferred to inducing conditions for 8 h, in media buffered at the
indicated pH values. Typical final values were 5.8 (acidic pH), 6.8 (neutral pH), and 7.6 (alkaline pH). (A) Control experiment showing the uniform
distribution of GFP across the hyphae (left) compared to the position of nuclei (right, by DAPI staining). Only acidic conditions are shown. This
uniform distribution does not change upon transfer to neutral pH (see panel C). Note that this (null pacC) strain does not grow under alkaline
conditions. (B) Subcellular localization of GFP::PacC(5-250) in palA ™ and palAI backgrounds. (C) Subcellular localization of GFP::PacC(5-678)
under acidic, neutral, and alkaline conditions, in the palA™ and palAl backgrounds. The pal4]l mutation precludes growth of this strain under
alkaline conditions. In panels B and C, the original magnifications were X400 and X1,000, as indicated.

highlighting the nuclei was reproducibly observed (Fig. 3C).
Transfer to either neutral or alkaline conditions dramatically
changed this distribution and unequivocally resulted in prefer-
ential nuclear localization (Fig. 3C). This dramatic change
correlated with proteolytic processing of the GFP::PacC(5-678)
primary translation product (Fig. 4A and B, left panels). The
palAl mutation largely prevented this proteolytic processing
(Fig. 4A and B, left panels), eliminated the exclusively nuclear
fluorescence seen under neutral conditions [Fig. 3C; note that
the alcAP-GFP::PacC(5-678) allele is hypostatic to pal4l and
the double mutant strain cannot be grown under alkaline con-
ditions], and made the residual nuclear staining seen under
acidic conditions less evident (Fig. 3C). These data show that

the processing pattern and the subcellular distribution of PacC
forms determined by in vitro fractionation studies or by in vivo
GFP tagging are coincident. A conclusion of the above exper-
iments is that in the absence of the pal signal, the region of
PacC removed by proteolytic processing prevents nuclear lo-
calization of full-length PacC and that the processed PacC
product [here, GFP::PacC(5-250)] is almost exclusively nu-
clear.

The processed PacC form contains a nuclear import signal.
The deduced M, for GFP::PacC(5-250) is 53.8 kDa. The M,
estimated for this protein by gel filtration chromatography of
extracts was 101 kDa (Fig. 6A), which might result from either
dimerization or a particularly elongated shape of the fusion
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FIG. 4. Analysis of GFP::PacC(5-250) and GFP::PacC(5-678) fu-
sion proteins in transgenic (ApacC) strains. Samples of cultures used in
the experiments shown in Fig. 2 were collected and used to prepare
whole-cell protein extracts. (A) Western analyses of whole-cell extracts
(50 g of protein in each lane) with antisera against the PacC DNA
binding domain (a-PacC) or against GFP (a-GFP). pH growth condi-
tions are indicated on top of each lane, as is the palA™ or palAl
genotype of the corresponding strains. Wild-type control extracts from
acidic and alkaline growth conditions are indicated with pacC™. Full-
length (FP) and processed (P) PacC are revealed only by the anti-PacC
antiserum. The full-length and processed forms of GFP::PacC(5-678),
revealed with both the anti-PacC and the anti-GFP antisera, are indi-
cated by solid and open arrows, respectively. An asterisk indicates the
position of GFP in the lanes of the corresponding control strain. (B)
EMSA analyses of the above extracts with 5 pg of protein and a
specific PacC DNA probe. Extracts are as in panel A. Protein-DNA
complexes formed by wild-type full-length and processed forms of
PacC are indicated, as are the positions of complexes formed by the
full-length (thin arrow) and processed (diamond) forms of GFP::PacC(5-
678). Note the shift in mobility caused by the GFP tag in these com-
plexes compared to those of untagged PacC.

protein. In any case, this size is above the limit below which
proteins can freely move between cytosolic and nuclear com-
partments and would suggest that an active transport mecha-
nism is active on the processed PacC form. To address this
point, we constructed two alcAP-driven genes encoding fusion
proteins between PacC polypeptides and the Escherichia coli
lacZ gene product. One encodes a PacC(5-234)::lacZ polypep-
tide with a predicted M, of 140 kDa. PacC residues 5 through
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234 contain the zinc finger region and lack all major and minor
processing sites (E. Diez and M. A. Penalva, unpublished
data). This transgene complements several aspects of the
ApacC phenotype, strongly indicating that the fusion protein is
able to enter the nucleus. Subcellular fractionation experi-
ments confirmed that PacC(5-234)::lacZ is indeed nuclear
(Fig. 6B). In contrast, a PacC(169-234)::lacZ fusion protein
(deduced M, of 123 kDa) showed cytosolic localization (Fig.
6B). In vivo localization experiments with equivalent GFP fu-
sion proteins (data not shown) confirmed the subcellular frac-
tionation results. We conclude that PacC residues 5 through
234 contain a nuclear import signal.

The zinc finger region of PacC contains a nuclear localiza-
tion signal whose action is independent of DNA binding. The
nuclear import region of PacC(5-250) was delimited by dele-
tion analysis of GFP fusion proteins to residues 66 through 173
(Fig. 7). PacC residues 69 through 168 correspond to the zinc
finger region and suffice for high-affinity DNA binding (20). To
separate DNA binding from nuclear localization, we used a
Gln 155—Lys substitution affecting a critical residue in the
recognition a-helix of the third zinc finger that abolishes DNA
binding in vitro and leads to a loss-of-function phenotype (20).
In common with its parental PacC(5-250)::GFP fusion protein,
a mutant PacC(5-250)°">**::GFP fusion protein localized to
the nuclei (Fig. 8A) despite the lack of DNA binding activity
shown in vitro by the mutant fusion protein (Fig. 8B and C).
This dissociation of DNA binding from nuclear localization
based on the phenotype of the GIn 155—Lys substitution
agrees with the above conclusion that the processed PacC form
(approximately containing residues 5 through 250) contains a
nuclear import signal, because it rules out the possibility that
its nuclear localization could result from passive diffusion and
nuclear retention by DNA binding

Nuclear full-length PacC is in the open conformation. In the
presence of the pal signal, a fraction of full-length PacC is
localized in the nucleus. This full-length form alternates be-
tween two conformations, and the ambient pH signal is re-
quired for the closed-to-open conformation transition (18). By
removing the interacting C-terminal region of PacC, the trun-
cation mutation in the pacC°I4 primary translation product
PacC(5-492) results in commitment to the open (protease-
accessible) conformation at any ambient pH, leading to pro-
teolytic processing, which results in low levels of the mutant
primary translation product (Fig. 1) and bypasses the require-
ment for the ambient pH signal (18). If the transition to the
open conformation were required for the nuclear localization
of the full-length form, the pacC¢14 primary translation prod-
uct should be localized in the nucleus. Overexposure of the
autorad region corresponding to the pacC14 full-length prod-
uct-DNA complex showed that this is indeed the case (Fig. 1A,
lanes 4 to 6). In contrast to the pacC¢14 product, the pacC*"
20205 product is a prototypic mutant PacC shifted towards the
closed conformation. Subcellular fractionation analysis showed
that, under neutral growth conditions (in which significant pH
signaling occurs) (Fig. 3C), the predominant mutant full-length
product is largely excluded from the nuclei (Fig. 9). These data
correlate the transition of the PacC primary translation prod-
uct towards the open conformation with the nuclear localiza-
tion of a part of the primary translation product.

In the open conformation of full-length PacC, two regions
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FIG. 5. Nuclear fluorescence in a strain expressing PacC(5-678)::GFP. (A) ApacC strains expressing GFP, PacC(5-678)::GFP, or
PacC(5-273)::GFP proteins from single-copy alcA”-driven transgenes were pregrown for 18 to 20 h under repressing conditions for alcA” and
transferred to inducing medium for an additional 7-h incubation at acidic ambient pH, before their green fluorescence was observed under the
microscope. (B) Strains expressing PacC(5-250)::GFP (i.e., the GFP-tagged processed PacC form) or PacC(250-678)::GFP (i.e., the GFP-tagged
C-terminal moiety removed by processing) were grown at acidic ambient pH under inducing conditions, fixed with formaldehyde, and stained with
DAPI. The green fluorescence (GF) and the DAPI channels are shown. (C) The PacC(250-678)::GFP protein is expressed at high levels under
the conditions used in panel B. Western analysis was of a protein extract (50 pg) from the following strains (only the relevant portion of the gel
is shown). Lanes: 1, PacC(5-250)::GFP strain; 2, PacC(250-678)::GFP strain, 3, GFP strain; 4, a pacC* strain. The blot was developed with an
antiserum raised against the C-terminal region (amino acids 529 through 678) of PacC. The weak cross-reacting band in lanes 1 and 3 is an
unspecific band. The band in lane 4 corresponds to full-length PacC. The prominent protein band in lane 2 corresponds to PacC(250-678)::GFP.

between residues 169 and 410 are available for interactions
with polypeptides containing the C-terminal residues 529
through 678 (18). This interaction can be monitored by the
resulting supershift of the full-length PacC-DNA complex in
EMSA (18) (Fig. 10). In the closed conformation, these re-
gions are not available for interaction. This different behavior
provides a test for distinguishing between the two conforma-
tional forms. We used longer electrophoretic runs to resolve,
under alkaline pH conditions, a faster complex corresponding
to closed PacC protein unavailable for interactions from a
slower complex corresponding to open PacC protein, which is
fully supershifted by a purified GST::PacC(410-678) polypep-
tide (Fig. 10, lanes 1 and 2). This assay unambiguously showed
that the full-length protein present in the nuclear fraction is in
the open conformation (Fig. 10, lanes 5 and 6).

DISCUSSION

We show here that environmental pH regulates the subcel-
lular localization of the zinc finger transcription factor PacC.
In the absence of an ambient alkaline pH signal (for example,
in a strain lacking a functional pal pathway), proteolytic pro-
cessing is prevented and PacC is localized in the cytoplasm.
Reception of the ambient pH signal disrupts interactions in-

volving the C-terminal region of PacC and upstream regions
and leads to an open (protease accessible) conformation and
proteolytic processing (18). The processed PacC form is exclu-
sively found in the nucleus (see the model in Fig. 11).

In the presence of pH signaling, a proportion of the full-
length PacC form is also localized in the nucleus. Our data
strongly suggest that the full-length PacC showing nuclear lo-
calization corresponds to protein that is the open conforma-
tion, but has not yet been processed (Fig. 11). The nuclear
localization of a proportion of the full-length form might have
implications for our current view of pH regulation because,
contrary to our initial molecular model (47), a proportion of
the full-length PacC form might be physiologically relevant,
since the presence of the C terminus does not preclude DNA
binding.

Several possible examples of regulated nuclear transport
(26) have been described in transcription factors regulated by
proteolytic processing. In all cases, removal of the negative-
acting domain in the transcription factor results in nuclear
localization of the product. In SREBP, processing releases the
transcription factor domain from an endoplasmic reticulum
membrane-anchoring domain (5, 6). In cytosolic NF-kB p105/
p65 heterodimer (25) or p65/p50/IkB heterotrimer (3, 28, 30,
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FIG. 6. The processed PacC form contains a nuclear import signal.
(A) Protein extracts isolated from a strain expressing GFP::PacC(5-250)
were fractionated through a Sephacryl S-200 column, calibrated with
protein standards of the indicated M.,. The fusion protein was detected
by EMSA, and protein-DNA complexes were quantified by phosphor-
imaging. wt, wild type; IP, input extract. (B) Subcellular fractionation
experiments of mycelia from strains expressing the indicated PacC::lacZ
fusion proteins. Nuclear (N), cytosolic (C), and total (T) protein ex-
tracts were analyzed by Western blotting with the indicated antibodies.
PacC residues 169 through 234 are recognized by the anti-PacC DNA
binding domain (DBD) antiserum, which was raised against a polypep-
tide containing residues 5 through 265.

39, 66), the ankyrin repeat domain masks the nuclear localiza-
tion signal. However, it has recently been shown that the main
function of IkB is that of a nuclear export chaperone (through
a nuclear export signal within the N-terminal domain), rather
than a cytoplasmic tether, and that the largely cytoplasmic
localization of the p65/pS0/IkB heterotrimer is due to the pre-
dominance of nuclear export over nuclear import (27, 31, 57).

GFP::PacC(66-250) GFP::PacC(5-173)

conditions for 14 h at 37°C and used for epifluorescence microscopy
and protein extraction. (A) Samples of the indicated strains were fixed
with formaldehyde, stained with DAPI, and analyzed under the micro-
scope in the green fluorescence (GF) and DAPI channels. (B) Protein
extracts were analyzed by Western blotting with an antiserum against
PacC residues 5 through 265 (a-PacC DBD). (C) Protein extracts (5 or
18 g, as indicated below the corresponding lanes) were analyzed by
EMSA with a PacC-specific probe. The relevant region of the autora-
diogram containing the wild-type PacC fusion protein-DNA complex is
shown. No binding was detected with the mutant protein carrying the
Gln 155—Lys substitution, in agreement with previous work (20).

In the Hedgehog signaling pathway, in the absence of the
morphogen, the full-length form of Ci is found in a cytoplasmic
multiprotein complex (52, 55), from which the processing
product is released (2). The processing product, which contains
a nuclear localization signal (64), translocates into the nucleus,
where it acts as a transcriptional repressor. In addition, pro-
cessing removes a nuclear export signal (8). Hedgehog signal
reception leads to nuclear localization of the full-length tran-
scription factor. A shuttling mechanism, in which the opposite

GFP::PacC(173-250) GFP::PacC(66-173)

FIG. 7. Delimiting a nuclear localization signal to the zinc finger region. Strains expressing the indicated GFP fusion proteins were grown under
inducing, acidic ambient pH conditions and examined by epifluorescence microscopy.
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FIG. 9. Subcellular localization of PacC forms in a pacC*20205
mutant strain. Cytoplasmic (C), nuclear (N), and whole-cell (T) pro-
tein fractions were prepared from a pacC*"20205 strain grown under
neutral conditions and analyzed by EMSA or Western blotting, as in
Fig. 1. Solid and open arrows indicate the full-length and the processed
PacC forms, respectively. The slight increase in mobility of the mutant
full-length form complex compared to that of the wild type results from
substitution of residues 465 through 540 in PacC by an octapeptide
encoded in a different reading frame (41). The pacC™" extract used as
a size control corresponds to acidic conditions, to maximize levels of
the full-length form.

actions of nuclear import and nuclear export mechanisms act
through the signals described above, ensures appropriate levels
of the nuclear full-length form (8), which has transcriptional
activation functions (40, 46). Therefore, three forms of the Ci
protein (full-length nuclear, cytoplasmic, and processed nu-
clear) participate in Hedgehog signaling. We show here that, in
marked similarity to Ci, a modified version of the full-length
PacC form (corresponding to the open conformation) can get
into the nucleus.

The change from the closed to the open conformation of
full-length PacC results in commitment for proteolytic process-
ing, which hinders the unambiguous characterization of the
subcellular localization of the processing reaction. Two oppo-
site models are a priori possible. In the first, open PacC trans-
locates into the nucleus, where the processing reaction would
take place. In the second, processing of open PacC would be
cytosolic, and the proportion of full-length PacC translocated
into the nucleus would be protected from processing. Although
we do not have convincing evidence for either of these models,
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FIG. 10. Full-length PacC in the open conformation localizes in the
nuclear fraction. Five micrograms of protein from a whole-cell extract
(T) and a cytosolic fraction (C) obtained from wild-type cells grown
under alkaline conditions and 1.8 pg of the corresponding nuclear
extract were analyzed by EMSA. Two micrograms of purified
GST::PacC(410-678) was included in the indicated binding mixtures.
The open and solid arrows indicate the position of the open and closed
full-length PacC-DNA complexes, respectively. The most prominent
band corresponds to the protein-DNA complex of the predominant
processed form.

we favor the cytosolic processing model (Fig. 11) for the fol-
lowing reasons. The pacC¢14 allele leads to strong alkalinity
mimicry at any ambient pH. It encodes a PacC primary trans-
lation product truncated after residue 492 that lacks an inter-
acting region crucial for maintaining the closed conformation.
Therefore, even under acidic pH conditions, this protein is in
the open conformation, which in turn leads to low levels of
primary translation product due to processing. These low levels
are hardly detectable by Western blotting, but can be detected
by using our sensitive EMSA (Fig. 1A, lanes 4 to 6). This open
PacC is mostly present in the nucleus and absent from the
cytosol, which might be consistent with protection of this open
PacC from cytosolic processing by its compartmentalization
into the nucleus.

This work raises interesting questions about the mechanistic
bases of the different subcellular localizations of the full-length
and processed PacC forms. Our data unambiguously show that
the processed PacC form contains a functional nuclear import
signal that can target heterologous proteins to the nucleus and
strongly indicate that this import signal is localized within the
DNA binding domain. While the zinc finger region was suffi-
cient for nuclear targeting of heterologous proteins, the sub-
cellular distribution of all fusion proteins between GFP and
PacC polypeptides lacking an intact zinc finger region was
indistinguishable from that of GFP. A single-residue substitu-
tion abolishing DNA binding does not affect the nuclear local-
ization of a processed form-GFP protein fusion, thus separat-
ing nuclear targeting and DNA binding activities. This rules
out a model in which the reduction in PacC size resulting from
proteolytic processing could lead to preferential nuclear local-
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membrane

FIG. 11. A model for PacC subcellular trafficking in response to
ambient pH. Newly synthesized PacC adopts a protease-inaccessible,
closed conformation, which is unable to enter into the nucleus. When
the growth environment is alkaline, a signal is transmitted by the pal
gene pathway. Reception of this signal by PacC switches the protein to
an open conformation, in which PacC is accessible to proteolytic pro-
cessing. We favor a model in which processing takes place exclusively
in the cytosolic compartment (see text). The processed protein would
be transported into the nucleus, where it activates expression of alka-
line genes and represses that of acidic genes. A fraction of full-length
PacC, most likely representing protein in the open conformation which
escapes processing, is able to enter the nucleus. Because definitive
evidence for the cytosolic localization of PacC processing is lacking,
the possibility of nuclear processing is indicated by a question mark.
However, we note that quick transfer into the nucleus of unprocessed
polypeptides in the open conformation would protect them from pro-
cessing if this were exclusively cytosolic, which would explain why, even
with the most extreme C-terminally truncating pacC¢ alleles under
alkaline growth conditions, a fraction of the full-length product ap-
pears unprocessed.

ization by a mechanism involving a combination of passive
diffusion and nuclear retention after DNA binding. Using a
PacC(250-678)::GFP construct driving high levels of expres-
sion of this protein (Fig. 5B), we have been unable to detect
the presence of a second nuclear import signal in the region
removed by proteolytic processing. In agreement, a bipartite
cluster of basic residues between PacC residues 252 and 269
does not act as a nuclear import signal for a PacC(241-280)::GFP
fusion protein (data not shown). Therefore, the nuclear import
signal mapping to the zinc finger region most likely mediates
import of both the processed and the open full-length PacC
forms.

While a role of nuclear import in PacC regulation seems
clear, we have been unable to obtain evidence for a role of
nuclear export. The fact that the subcellular localizations of a
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GFP::PacC(250-678) fusion protein and of GFP are indistin-
guishable might suggest that residues removed by processing
do not contain a nuclear export signal, which would have led to
preferential cytosolic labeling. This conclusion has been veri-
fied by confocal fluorescence microscopy (data not shown). A
similar GFP-based methodology served to reveal the role of
nuclear export in Ci regulation (2, 8). Therefore, the mecha-
nism by which the closed, but not open, full-length PacC is
tethered to the cytosol remains elusive. Because the nuclear
import signal reported here and the DNA binding domain
overlap, the fact that closed PacC is able to bind DNA in vitro
suggests that this conformation does not involve masking of
the zinc finger region and, by extension, of the nuclear import
signal.

Environmental signals (glucose and ambient pH) have been
shown to control the nuclear localization of yeast MIG1 (15)
and Aspergillus PacC (this work), two key ascomycete wide-
domain transcription factors mediating glucose repression of
genes for the catabolism of alternative carbon sources and
regulating expression of genes for extracellular enzymes, cer-
tain permeases, and the biosynthesis of secondary metabolites,
respectively. Finally, our work with PacC is relevant for under-
standing the invasiveness and resistance to alkaline pH in Sac-
charomyces (22, 34), the adaptation of Candida albicans to
changing pH environments (a key factor in its pathogenicity)
(11, 12, 49, 50), the synthesis of extracellular metabolites and
proteins by fungi (19, 33, 35, 36, 38, 56, 61, 62), and the
regulation of aflatoxin biosynthesis (32), all of which are pro-
cesses regulated by the PacC/RIM101p family of transcription
factors.
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