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INTRODUCTION

During a study of sugar fermentation by yeasts, Emil Fischer
enunciated a principle that has had a lasting impact on bio-
chemistry. His famous statement “. . . to use a metaphor, I
would like to say that enzyme and glucoside have to fit together
like lock and key in order to exert a chemical effect on each
other” (49) deeply shaped the concept of proteins as mono-
lithic entities able to perform a single strictly determined func-
tion. As knowledge about proteins progressed, new results
appeared showing that enzymes were able to carry out more
than one function. The discovery of allosterism revealed that
certain proteins could also detect signals and modify their
behavior accordingly, thereby becoming the conductors of the
cellular orchestra (103). In addition, it was found that some
proteins were endowed with more than one catalytic function
in a single polypeptide chain (80). These multifunctional pro-
teins are widespread among organisms ranging from bacteria
to mammals (12, 22, 29, 68, 108), and usually their different
activities remain limited to the realm of metabolism. In many
cases, it has been demonstrated that the dual function resulted
from the fusion of two genes that initially encoded proteins
with single functions (12, 22, 29). Later on, new results uncov-

ered the surprising fact that a significant number of proteins
could perform apparently disparate functions; for example,
phosphoglucose isomerase can act as an autocrine motility
factor (58), aconitase can act as an iron-responsive element
binding protein (79) or as a determinant of mitochondrial
DNA stability (27), and glyceraldehyde-3-phosphate dehydro-
genase participates in apoptosis and neurodegeneration (125).
Although sensu stricto this behavior qualifies those proteins as
multifunctional, the great difference in the type of functions
performed sets them apart from conventional multifunctional
proteins. To designate them as a group, Jeffery (71) coined the
term “moonlighting proteins.” According to The Compact Ox-
ford English Dictionary, one meaning of moonlighting is “to do
[paid] work, [usually at night], in addition to one’s regular
employment,” and the word has been used in this sense since
the late 1950s (129); therefore, “moonlighting proteins” is a
quite appropriate designation for the collective. As indicated
above, moonlighting activities of one protein are usually unre-
lated to its metabolic function and show great diversity; met-
abolic enzymes may double as transcription factors, participate
in assembly or degradation of organelles, or contribute to
maintenance of mitochondrial DNA, among others. As origi-
nally defined, the category of moonlighting proteins excludes
proteins whose different functions are due to gene fusion or
are consequences of splice variants as well as those proteins
that are located in different subcellular compartments but per-
form the same function in each of them (70, 71).
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Although moonlighting proteins are present in different or-
ganisms, more attention has been given to those found in
higher eukaryotes, perhaps due to the implications that this
multifunctionality may have on the interpretation of certain
single-gene disorders whose symptoms or phenotype does not
directly correlate with that expected from the relevant geno-
type (132). For lower eukaryotes, such as yeasts, several well-
documented cases of moonlighting proteins exist; however, no
systematic consideration has been given to this phenomenon.
The genetic tractability of yeasts allows the creation and utili-
zation of extensive sets of mutants, which facilitate an in-depth
study of each moonlighting protein to relate structure and
function for each displayed activity. This contrasts with the
situation in higher eukaryotes, where this approach remains
much more difficult.

In this review, we discuss in detail several instances of moon-
lighting proteins in different yeast species and examine the
experimental evidence available to justify their inclusion in this
category. Another goal of this review is to bring to the atten-
tion of the zymological community the importance of this phe-
nomenon and its wide implications for both basic and applied
research.

METABOLIC PROTEINS THAT PARTICIPATE
IN GENE TRANSCRIPTION

Galactokinase and Transcription of the GAL Genes in
Kluyveromyces lactis and Saccharomyces cerevisiae

Yeasts belonging to different genera use galactose as a
carbon and energy source (10). Utilization of this sugar
requires induction of the GAL genes, which encode a trans-
porter and three intracellular enzymes that metabolize the
sugar up to the glycolytic intermediate glucose-6-phosphate,
which enters the common glycolytic trunk. One of these
proteins, galactokinase, moonlights as a regulator of the
transcription of the GAL genes. Although the moonlighting
action of galactokinase occurs basically in Kluyveromyces
lactis, we first consider the situation in Saccharomyces cer-
evisiae as a basis to understand the control mechanisms of
the expression of those genes. The expression of the GAL
genes is both induced by galactose and repressed by glucose
(53, 73), but for the purposes of this review, only the induc-
tion process is relevant. Basically, the induction of the GAL
genes is determined by the interplay of two proteins with
opposite roles, the transcriptional activator Gal4 and its
inhibitor, Gal80. In the presence of galactose, the inhibitory
action of Gal80 is relieved and transcription of the GAL
genes occurs, while in its absence, Gal80 prevents the inter-
action of the activation domain of Gal4 with the transcrip-
tion machinery. Release of Gal4 inhibition by Gal80 is fa-
cilitated by the signal-transducing protein Gal3 (for reviews,
see references 19 and 122). This 520-amino-acid protein
exhibits great sequence similarity with galactokinase (9,
116), the first enzyme of the intracellular galactose utiliza-
tion pathway, which phosphorylates galactose to galactose-
1-P, encoded by GAL1. Gal3 has no detectable galactoki-
nase activity (9), but insertion of two amino acids at position
164 in its sequence confers this activity on the protein (116).
It has been found that Gal3 interacts with Gal80 (18), and

this interaction is stabilized in the presence of galactose and
ATP (150). Using an in vitro transcription system containing
Gal80 and Gal4, Platt and Reece (115) found that the ad-
dition of Gal3 in the presence of galactose promoted tran-
scription of the adenovirus E4 gene engineered with several
tandem repeats of GAL4 binding sites upstream of its
TATA box. In the same assay, it was found that galactoki-
nase could substitute for Gal3, although in a much less
effective manner, and that its mechanism of action appears
to be the same as that of Gal3 (116). This finding is in line
with in vivo results that showed that overexpression of
GAL1 suppressed the phenotype of gal3 mutants (20). These
mutants initiate growth in galactose several days after ga-
lactose addition, while a wild-type strain starts it within a
few hours after addition of the sugar; this is the “long term
adaptation” to galactose described by Winge and Roberts as
early as 1948 (148). Therefore, under certain conditions,
galactokinase may moonlight in S. cerevisiae as a protein
that regulates the transcription of the GAL genes.

In K. lactis, the proteins KlGal4 and KlGal80 play roles in
the induction of the KlGAL genes equivalent to those de-
scribed for their homologs in S. cerevisiae (122, 154). However,
no mutants with a phenotype like that of S. cerevisiae gal3
mutants have been found for this yeast (100). Interestingly,
induction of transcription of the GAL genes requires expres-
sion of KlGAL1, but the sugar-phosphorylating activity of ga-
lactokinase was not needed to release the inhibitory action of
KlGal80 on KlGal4 (100). In a Klgal80 mutant, the induction
of the KlGAL genes occurred in the absence of KlGal1, and
therefore a role for KlGal1 in the release of KlGal80 inhibition
was suspected (153). Since KlGal1 complements an S. cerevi-
siae gal3 mutant (100), a plausible hypothesis is that a direct
interaction between KlGal1 and KlGal80 could be the mech-
anism to release the inhibition of transcription caused by
KlGal80. Zenke et al. (153) obtained experimental evidence
for the formation of a complex between a tagged KlGal80
protein and KlGal1, using immunoblot analysis, and showed
that the formation of the KlGal80-KlGal1 complex required
galactose and ATP. Further support for the physiological im-
portance of the KlGal1-KlGal80 interaction was provided by a
study done with the following sets of mutant forms of KlGal1:
mutants with kinase activity but unable to release KlGal80
inhibition, mutants without kinase activity but able to release
the inhibition, or mutants lacking both functions. In vitro anal-
ysis of the interaction showed that KlGal1 from those mutants
unable to release KlGal80 inhibition did not show interaction
between KlGal1 and KlGal80, while the mutants without ki-
nase activity but able to release inhibition did (143, 153). Using
two-hybrid assays of the interaction, a similar result was ob-
tained (143, 153). Thus, one of the roles of KlGal1 in K. lactis
is functionally equivalent to the one performed by Gal3 in S.
cerevisiae.

An interesting point in the regulation of GAL gene tran-
scription is the difference in the subcellular compartment
where the interaction between the regulatory proteins occurs:
in S. cerevisiae, Gal3 and Gal80 interact in the cytosol (113,
114), whereas in K. lactis the interaction between KlGal80 and
KlGal1 occurs in the nucleus (4).
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Hexokinase and Glucose Catabolite
Repression in S. cerevisiae

S. cerevisiae possesses three glucose-phosphorylating en-
zymes, namely, two hexokinases and a glucokinase. However,
during growth in glucose, hexokinase 2 (Hxk2) is the predom-
inantly expressed hexokinase and is therefore responsible for
the initiation of the intracellular metabolism of glucose (61).
Glucose causes repression of transcription of numerous genes
in yeast, in a complex process called catabolite repression in
which a plethora of factors and signals interact (16, 25, 53, 72).
It has long been known that in hxk2 mutants the catabolite
repression of some genes, such as SUC2, encoding invertase, or
the GAL genes, encoding enzymes necessary for galactose me-
tabolism, is abolished (46, 155). Several results indicate that
the hexokinase protein itself participates in the regulatory cir-
cuitry of S. cerevisiae. Assays of enzymatic activity in isolated
nuclei, immunoblotting, and the fluorescence distribution of a
Hxk2-green fluorescent protein fusion have shown unequivo-
cally that in yeast growing in 2 to 4% glucose, about 15% Hxk2
is localized in the nucleus (62, 119). In addition, the decapep-
tide Lys6-Met15 of Hxk2, dispensable for its enzymatic activity,
is critically important for the enzyme to be localized in the
nucleus and to mediate repression of SUC2, HXK1, or GLK1
(62, 121). Using two-hybrid assays, chromatin immunoprecipi-
tation, and mobility shift analyses, it has also been demon-
strated that Hxk2 interacts directly with the transcriptional
repressor Mig1, a C2H2 zinc finger protein that binds to the
promoters of most glucose-repressible genes, and that the
Lys6-Met15 decapeptide of Hxk2 is needed for this interaction
(1). The binding of Mig1 to Hxk2 is required for retention of
Hxk2 within the nucleus; in fact, there is a correlation between
the level of Mig1 and the amount of Hxk2 located in the
nucleus (1). The nuclear localization of Hxk2 is glucose de-
pendent (1), which may be explained by the requirement of
glucose for nuclear localization of Mig1 (37). When glucose is
low or absent, Mig1 is phosphorylated by the active form of the
protein kinase Snf1, a protein required for derepression of
glucose-repressed genes, and this phosphorylation abolishes
the repressive capacity of Mig1 (131, 136). Phosphorylation
occurs at Ser311, a residue that is critical for the interaction
with Hxk2 (2). Once phosphorylated, Mig1 is exported to the
cytosol, Hxk2 does not enter the nucleus, and repression is
relieved (Fig. 1). In high glucose, Hxk2 and Mig1 interact in
the nucleus, suggesting that an important role of Hxk2 in
glucose repression may be to block phosphorylation of Mig1 by
possible active molecules of the protein kinase Snf1, thus main-
taining its repressing capacity (1, 2). The fact that Snf1 inter-
acts with Hxk2 at both high and low glucose concentrations,
while it interacts with Mig1 only at low concentrations, is com-
patible with the previous hypothesis.

The interaction between Hxk2 and Mig1 could also be im-
portant to avoid cross talk between different signaling path-
ways, as it has been observed that in sodium-stressed cells
growing in the presence of high glucose, Snf1 is activated but
does not phosphorylate Mig1 (94).

Hxk2 also appears to be implicated in the regulation of the
phosphorylation state of Snf1 through its interaction with
Reg1, the regulatory subunit of the phosphatase Glc7. The
precise mechanism of action of Hxk2 in this regulation is not

completely elucidated. In the absence of Hxk2, Reg1 is de-
phosphorylated by Glc7, and in this form, Reg1 is unable to
target Glc7 for dephosphorylation of Snf1 (124). Therefore, in
an hxk2 mutant, Snf1 may remain active in its phosphorylated
state even in the presence of glucose. de la Cera et al. (36) also
showed an interaction between Hxk2 and the protein Med8, a
protein of the Srb/mediator complex that binds to regulatory
regions in the promoter of the SUC2 gene and in the coding
region of HXK2 (26, 104, 111). This interaction may reinforce
repression of transcription by hindering the activation of RNA
polymerase.

It is therefore clear that the protein Hxk2 in S. cerevisiae is
an element of the regulatory circuit of glucose catabolite re-
pression for some genes. An additional effect of its metabolic
activity may also be important in this process (89).

The Pleiotropic Transcriptional Regulator Arg82 Is an
Inositol Phosphokinase in S. cerevisiae

The story of the moonlighting function of Arg82 differs from
the usual path of discovery of this phenomenon: most often a
well-characterized metabolic enzyme is at some time discov-
ered to act in an unrelated way, but the contrary happened with
Arg82. Using classical mutagenesis to generate mutations af-
fecting the expression of enzymes related to arginine metabo-
lism in S. cerevisiae, Bechet et al. (13) described one mutation-

FIG. 1. Simplified scheme of the role of Hxk2 in catabolite repres-
sion. In the presence of high glucose, a fraction of Hxk2 enters the
nucleus and binds to the repressor protein Mig1. Hxk2 hinders the
phosphorylation of Mig1 by any active Snf1 that may be present and
allows Mig1 to exert its repressive effect. Hxk2 also interacts with
Reg1, and this interaction facilitates the action of the phosphatase
Glc7 on Snf1 to maintain it in its inactive, dephosphorylated form; this,
in turn, contributes to a low level of phosphorylation of Mig1. In the
absence of glucose, Snf1 is phosphorylated by any of the kinases Elm1,
Tos3, and Sak1; in this form, it phosphorylates Mig1, thus maintaining
it and Hxk2 in the cytosol. For the sake of simplicity, other proteins
that form complexes with Snf1, Mig1, or Hxk2 are not represented.
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argRIII, termed ArgRIII, that caused a loss of repression of
biosynthetic enzymes and a lack of induction of the degrada-
tive ones by arginine. Further studies showed that a genomic
disruption of the gene encoding ArgRIII (renamed Arg82)
caused multiple problems for the cell, including defects in
growth at 37°C, sterility in a MAT� background, vacuolar frag-
mentation, decreases in transcription of both MAT�- and
MATa-specific genes, and defective sporulation when the dis-
ruption was homozygous in diploids (40). Work of the Mes-
senguy and Dubois group showed that the coordinated regu-
lation of the genes involved in arginine biosynthesis and
degradation requires different proteins that form a complex
and interact with specific sequences present in the arginine-
regulated genes. Among these proteins were the MADS box
proteins Arg80 and Mcm1 (96, 97). Arg82 is localized in the
nucleus (17) and interacts with Mcm1 (44); since an arg82
mutant showed low levels of Mcm1 due to a decreased stability
of the protein, it was concluded that the interaction of Arg82
with Mcm1 stabilizes this protein (44).

Two different groups reported a finding that placed Arg82 in
a wider perspective. Saiardi et al. (123), searching for the gene
encoding human inositol-P-6 kinase, defined a putative con-
sensus sequence for inositol polyphosphate kinases and found
it in the yeast proteins Arg82 and Kcs1. They purified a glu-
tathione S-transferase (GST)–Arg82 fusion protein and
showed that it possessed inositol 1,4,5-trisphosphate [Ins(1,4,5)P3]
and Ins(1,3,4,5)P4 kinase activity. Meanwhile, Odom et al. (106),
studying the signaling roles of inositol polyphosphates and also
using sequence alignments and enzymatic assays, found a similar
result and renamed Arg82 Ipk2 (Fig. 2). The identification of
Arg82 as a protein that produces inositol polyphosphates
raised the question of their role in the regulation of transcrip-
tion of the genes involved in arginine metabolism. The com-
plex between Arg80, Arg82, Mcm1, and a DNA-specific se-
quence present in the promoter of ARG5,6 was not formed in
vitro when extracts of an arg82 deletion mutant were used.

Reintroduction of the ARG82 gene to the mutant restored the
ability of the extracts to form the complex, confirming the
necessity of the Arg82 protein for this function (106). How-
ever, its kinase activity was not necessary, as shown by the
formation of the complex with a mutated form of Arg82 that
lacked that activity (106). Since extracts from a plc1 mutant
that lacks phospholipase C activity and therefore does not
produce Ins(1,4,5)P3, the substrate for Ipk2/Arg82, could form
the complex, it was concluded that inositol phosphates were
not necessary for its formation (106). However, it could be
possible that the complexes formed in the absence of inositol
phosphates were inactive. If this were the case, mutants with
these complexes would not be able to grow in a medium with
arginine or ornithine as the sole nitrogen source because the
arginine catabolic genes would not be induced. This was what
Odom et al. (106) found when the growth of arg82 or plc1
mutants was tested on ornithine; they concluded that inositol
phosphates were dispensable for the formation of the regula-
tory complexes but were required for them to be transcription-
ally active. However, Dubois et al. (39) disputed this conclu-
sion, arguing that it was based only on growth data for
ornithine medium. They reported that a plc1 mutant grew as
poorly with ammonium as a nitrogen source as with ornithine,
indicating that Plc1 activity was required for normal growth,
not specifically for the regulation of expression of arginine
metabolic genes. This conclusion was reinforced by enzymatic
measurements of ornithine transcarbamylase and arginase,
which are anabolic and catabolic enzymes of arginine metab-
olism, respectively (Fig. 2). Deletion of ARG82 abolished re-
pression of the transcarbamylase and induction of arginase,
while the plc1 mutation did not affect the levels of these en-
zymes (39). El Alami et al. (43) further showed that stabiliza-
tion of Mcm1 (and Arg80) by Arg82 did not involve its kinase
activity, as a strain with a mutated version of Arg82 (D131A)
that abolished the catalytic activity showed a normal expres-
sion pattern of a gene whose expression is Mcm1 dependent.

Since Arg82 is a pleiotropic regulator, an exploration of the
requirement of its kinase activity for different functions could
reveal unknown roles of inositol phosphates. Two pathways
have been identified for which this activity is important, one
that controls the response of yeast to nitrogen availability and
another that regulates expression of phosphate-controlled
genes. In an arg82 mutant, genes responsive to nitrogen avail-
ability were downregulated, while those normally repressed by
phosphate were upregulated. This was due to a lack of kinase
activity of the encoded protein, as ARG82 alleles mutated in
each of several amino acid codons that abolished the inositol
phosphate kinase activity but did not influence the stability of
the protein showed the same phenotype. The results on the
regulation of phosphate-controlled gene expression have been
confirmed by Auesukaree et al. (6) and point to important
roles of inositol phosphates in the regulation of several path-
ways.

Arg5,6 and Transcription of Mitochondrial and
Nuclear Genes in S. cerevisiae

The question of direct participation of metabolic enzymes in
the control of gene expression has been addressed by Hall et al.
(59), who used proteome arrays and chromatin immunopre-

FIG. 2. Moonlighting activities related to arginine metabolism. (a)
Scheme of inositol polyphosphate biosynthesis. Arg82 was initially
identified as a protein that participates in the regulation of the tran-
scription of genes related to arginine metabolism (13). Further studies
have shown that it also functions as an Ins(1,4,5)P3 and Ins(1,3,4,5)P4
kinase (106, 123). (b) Scheme of arginine biosynthesis and degrada-
tion. Ornithine is a common metabolite that participates in both pro-
cesses. See the text for details. OTCase, ornithine transcarbamylase.
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cipitation to identify proteins that specifically bind to DNA.
Among the proteins identified which were not known to bind
DNA was Arg5,6, a polypeptide that is cleaved in the mito-
chondrion to yield two proteins, Arg5 and Arg6, which partic-
ipate in the synthesis of arginine (21). Arg5 corresponds to the
C-terminal part of the original polypeptide and possesses
acetyl glutamate kinase activity, while Arg6 corresponds to the
N-terminal part of the polypeptide and has N-acetylglutamyl-P
reductase activity. When myc-tagged Arg5,6 was used in chro-
matin immunoprecipitation assays and the immunoprecipi-
tated DNA was used to probe an array of genomic intergenic
regions and mitochondrial DNA, Arg5,6 was found bound to
several DNA regions, mainly of mitochondrial but also of nu-
clear origin. Gel shift experiments using a GST-tagged version
of Arg5,6 and two different regions from the mitochondrial
COX1 gene showed that the protein associated with COX1
DNA in vitro. Comparing DNA sequences of the different
Arg5,6 targets, a common motif for binding, with a 78% GC
content, was identified. Crucial results supporting a role of
Arg5,6 in the regulation of gene expression were obtained
when the levels of mRNAs corresponding to different potential
gene targets were compared in wild-type and arg5,6 mutant
cells grown either in rich medium, in a medium with a limiting
nitrogen source, or in one lacking amino acids. While there
were no remarkable differences between the wild type and the
mutant in rich medium, in medium lacking amino acids or
limited for nitrogen, lower levels of mitochondrial COX1, nu-
clear YOR352W (3- to 6-fold), and nuclear PUF4 (2.2-fold)
transcripts were observed.

METABOLIC PROTEINS THAT PLAY A ROLE IN
PEROXISOMAL PHYSIOLOGY

Pyruvate Carboxylase Participates in the Assembly of
Alcohol Oxidase in Hansenula polymorpha

A number of yeast species are able to use methanol as a
carbon source. When growing in methanol, these methylotro-
phic yeasts induce the proliferation of peroxisomes, specialized
organelles equipped with distinct enzymes that participate in
several metabolic pathways. One such enzyme is alcohol oxi-
dase (AOX), which oxidizes methanol to formaldehyde and
hydrogen peroxide. AOX is a flavin adenine dinucleotide
(FAD)-containing homo-octamer (48) located in the peroxiso-
mal matrix; its assembly requires other proteins (109). Differ-
ent types of mutants unable to grow in methanol have been
isolated for Hansenula polymorpha (141). One mutant, a strain
carrying the ass3 mutation, had a very low AOX activity but
exhibited normal levels of AOX protein, which was basically
located in the cytosol. Interestingly, these mutants also exhib-
ited a severe growth defect in minimal glucose medium with
ammonium as a nitrogen source, reminiscent of that of S.
cerevisiae mutants lacking pyruvate carboxylase (Pyc) activity
(134). The growth defect of the ass3 mutant could be cor-
rected, as occurs with pyc mutants, by the addition of aspartate
or glutamate; however, these amino acids did not restore AOX
activity. Transformation of the ass3 mutant with a genomic
library from H. polymorpha showed that all its defects were
complemented by a DNA fragment encoding a putative Pyc.
Disruption of the gene encoding Pyc in H. polymorpha pro-

duced the same phenotype as that of the ass3 mutant. Analysis
of the progeny from a cross between an ass3 mutant and a pyc1
mutant revealed that both mutations were located in the same
locus. It was thus concluded that a mutation in HpPYC1 pro-
duces a phenotype that affects AOX activity (109).

AOX from extracts of wild-type H. polymorpha induced in
methanol sedimented as an octamer, while that from similar
extracts of a pyc mutant sedimented as a monomer. Immuno-
detection with AOX-specific antibodies revealed that AOX
was mostly localized in the cytoplasm of the pyc mutant, while
other peroxisomal enzymes showed a normal localization. A
point mutation that abolished Pyc activity by replacing an ar-
ginine with a glutamine in the active site of the enzyme caused
a growth defect in glucose medium similar to that of the ass3
mutants. However, the mutant was able to grow in methanol
and exhibited normal levels of AOX, indicating that the Pyc
protein but not Pyc activity was needed for correct assembly of
AOX (109). How could Pyc participate in AOX assembly?
Since assembly of active AOX takes place in the peroxisome
(133) and Pyc is cytosolic, the Pyc action should precede this
step. It has been found that a riboflavin auxotrophic mutant of
H. polymorpha accumulated AOX monomers lacking FAD in
the cytosol, a feature also observed in the pyc mutants (48).
Since Pyc interacts in vitro with both AOX and FAD, Ozimek
et al. (109) proposed that Pyc mediates FAD binding to AOX
monomers synthesized in the cytosol. Once charged with FAD,
the monomers will be transported to the peroxisome, where
AOX will spontaneously assemble into the active octameric
form. The region of Pyc required for AOX assembly has been
located in the transcarboxylation domain of Pyc, which partic-
ipates in the transfer of the carboxyl group of carboxylated
biotin to pyruvate (110).

Pyc may also play a similar role in other methylotrophic
yeasts, since it has been observed that a Pichia pastoris mutant
with a disrupted PYC gene (95) did not grow in methanol and
failed to import AOX into the peroxisomes (109).

Phosphofructokinase and Microautophagy in Pichia pastoris

When the methylotrophic yeast P. pastoris is transferred
from a medium with methanol as a carbon source to another
one with glucose, vacuolar degradation of peroxisomes takes
place (137, 138). This process is termed microautophagy. Dur-
ing a study of this process, Yuan et al. (151) isolated a mutant,
the gsa1 mutant, which was unable to engulf peroxisomes in the
vacuole. Transformation of the mutant with a genomic P. pas-
toris library revealed that the mutant phenotype was comple-
mented by a DNA fragment encoding the putative � subunit of
the glycolytic enzyme phosphofructokinase (Pfk), which cata-
lyzes the phosphorylation of fructose-6-phosphate to fructose-
1,6-bisphosphate. In most yeasts studied, Pfks are hetero-oc-
tamers composed of two types of subunits, � and �, with high
sequence similarity. When the gene encoding the � subunit of
P. pastoris Pfk was disrupted, the mutant obtained had a Pfk
activity of 15% that of the wild type and showed a slow decay
of AOX activity in the transition from methanol to glucose
(151). Also, the morphology of the peroxisomes was similar for
this mutant to that observed for the gsa1 mutant. Pfk activity in
the gsa1 mutant was assayed and found to be reduced greatly;
it was then concluded that the gsa1 mutant carries a mutation
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in the gene encoding Pfk. To determine whether the effect
observed on microautophagy was due to a disturbance in sugar
metabolism caused by low Pfk activity, a Pfk� mutant form
with a D362S substitution in the binding site for the substrate
fructose-6-P was constructed. While this mutant had a Pfk
activity of only about 7% that of the wild type, microautophagy
occurred normally in it, indicating that it was the Pfk protein
itself, not its activity, that was needed for correct degradation
of the peroxisomal enzymes (151). The precise mode of action
of the Pfk subunit in the process has not yet been unraveled;
also, no role in the process has been reported for the � subunit
of Pfk.

It would be interesting to study the role, if any, of Pfk in
peroxisomal degradation in a yeast such as Yarrowia lipolytica,
which grows on substrates that induce peroxisome proliferation,
such as alkanes or fats, and whose Pfk has a homo-octameric
structure (50).

METABOLIC PROTEINS IMPLICATED IN
MITOCHONDRIAL FUNCTIONS

Aconitase and Maintenance of Mitochondrial
DNA in S. cerevisiae

Mitochondria have their own DNA (mtDNA) that is pack-
aged together with multiple proteins in structures called nucle-
oids (55, 101). Some of the proteins found in mitochondrial
nucleoids have functions related to the expression or mainte-
nance of mtDNA. During a study of yeast mitochondrial nucle-
oids, Chen et al. (27) found that in addition to those proteins,
several enzymes of the Krebs cycle were also associated with
the nucleoid. To determine whether this association was due to
some unknown function of these enzymes in nucleoids, the
genes encoding those proteins were disrupted and the effects
of the disruption on mtDNA maintenance were examined. S.
cerevisiae is the organism of choice for this type of study due to
its ability to live without functional mtDNA, as it is a faculta-
tive aerobe able to ferment and propagate by using the fer-
mentative glycolytic pathway as an energy producer. Mutants
affected in respiration or without functional mtDNA are viable
but do not grow in respiratory substrates such as ethanol or
glycerol; due to the small size of their colonies on glucose, they
are named petites (47). Although disruption of different genes
encoding proteins related to the Krebs cycle found in the
mitochondrial nucleoid did not severely affect the stability of
mtDNA, disruption of the ACO1 gene, encoding aconitase,
caused a great instability. Aconitase catalyzes the conversion of
citrate to isocitrate and is localized in the mitochondrial ma-
trix; a yeast mutated in aconitase is unable to grow in nonfer-
mentable carbon sources and has a requirement for glutamate
(54, 107). However, the instability of mtDNA in the aco1
mutant was not due to the metabolic defect, since mutations in
citrate synthase causing a similar growth phenotype did not
influence mtDNA stability. To ascertain whether the enzymatic
activity of aconitase was needed for mtDNA maintenance,
Chen et al. (27) mutated some residues critical to its activity.
Aconitase has an iron-sulfur center (4Fe-4S) (15), and in the
yeast enzyme, residues Cys 382, 445, and 448 participate in iron
coordination. Each of these residues was changed to Ser, and
the ability of the corresponding mutants to maintain mtDNA

was studied. All strains carrying these mutations expressed the
mutant proteins to the same levels found for Aco1 in the wild
type and, as expected, were glutamate auxotrophs. In contrast,
mtDNA was maintained in those mutants, thus showing that
aconitase activity is not necessary for this role (27).

Acetohydroxyacid Reductoisomerase and mtDNA
Maintenance in S. cerevisiae

The syntheses of the branched-chain amino acids leucine
and valine and that of isoleucine share an enzyme that cata-
lyzes the same type of reaction using two different substrates.
This enzyme, acetohydroxyacid reductoisomerase, is encoded
in S. cerevisiae by the ILV5 gene. During a study of mtDNA
stability, ILV5 was isolated as a multicopy suppressor of
mtDNA instability in abf2 mutants, which lose their mtDNA
during growth in glucose (152). A two- to threefold increase in
ILV5 expression was sufficient to stabilize mtDNA in those
mutants. On the other hand, the presence in the growth me-
dium of leucine, valine, and isoleucine, amino acids that re-
press ILV5 expression, increased mtDNA instability in abf2
mutants relative to that in control cultures in which the amino
acids were absent. These results suggested a possible role for
Ilv5 in the maintenance of mtDNA.

Biosynthesis of amino acids in yeast is regulated by the
general amino acid control circuit (63). A major player of
this circuit is Gcn4, which activates the transcription of
ILV5, as well as that of other genes encoding amino acid
biosynthetic enzymes, when the yeast is starved for amino
acids. Constitutive expression of GCN4 in abf2 mutants in-
creased mtDNA stability in comparison with a control strain
expressing the wild-type, regulated version of GCN4 (152).
Further support for the participation of Ilv5 in the mainte-
nance of mtDNA came from the observation that ilv5 mu-
tants generated petites at a high frequency, thus showing
significant mtDNA instability (152). All of these results are
suggestive of and consistent with a role of the Ilv5 protein in
the maintenance of mtDNA stability. However, they could
also be explained as a result of a lack of synthesis of
branched-chain amino acids. This possibility was eliminated
by demonstrating that a mutation in ILV2, the gene encod-
ing the enzyme catalyzing the step preceding that catalyzed
by Ilv5, had no effect on mtDNA stability (152). Further
evidence in favor of a role of Ilv5 independent of its catalytic
activity was provided by Bateman et al. (11), who obtained
mutations in ILV5 that could either abolish the metabolic
activity of the protein and yet retain its role in mtDNA
maintenance or vice versa. Both types of mutants were the
result of single missense mutations in regions structurally
conserved among acetohydroxyacid reductoisomerases from
different organisms. It is interesting that the Escherichia coli
ortholog of ILV5, when targeted to the mitochondria, com-
plements the metabolic defect of an ilv5 mutant but is inef-
fective for mtDNA maintenance (11).

Mitochondrial nucleoids contain more than one equivalent
of mtDNA per nucleoid (102, 147). MacAlpine et al. (90)
found that the distribution of mtDNA in the nucleoids was
under the control of the general amino acid control circuit.
They also found that constitutive expression of GCN4 in-
creased the number of nucleoids in wild-type cells but had no
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effect in ilv5 mutants. An ilv2 control showed the same behav-
ior as the wild type in this aspect. These findings implicate Ilv5
not only in mtDNA maintenance but also in the distribution of
mtDNA molecules into nucleoids (11).

METABOLIC PROTEINS THAT PARTICIPATE IN
VACUOLAR FUNCTIONS

Enolase and Vacuolar Protein Traffic in S. cerevisiae

The yeast vacuole is an organelle that participates in diverse
processes, such as the response to osmotic stress, turnover of
proteins, or accumulation of amino acids, polyphosphates, or
toxic compounds. In addition, the vacuole has an active rela-
tionship with the protein trafficking machinery (81). The num-
ber of vacuoles per yeast cell usually fluctuates between one
and five (30). This number and the morphology of the or-
ganelle vary depending on environmental factors; while low
levels of glucose or hypotonic conditions make vacuoles fuse,
hypertonic media or formation of daughter vacuoles during
cell division produces fragmentation of the organelle (30, 144).

The fusion of vacuoles is termed homotypic fusion to differ-
entiate it from fusions between different types of vesicles dur-
ing protein trafficking, called heterotypic fusion. Homotypic
fusion is a complex process that may be studied in vitro using
assays that monitor the appearance of some property, usually
an enzymatic activity, when mixing of two different vacuole
preparations results in vacuolar fusion (146). During an in vitro
study of homotypic fusion, it was found that a high-molecular-
weight, cytosolic component was necessary for the process to
proceed (149). Further characterization by classical protein
fractionation techniques led to its identification as enolase
(35). Enolase is an abundant glycolytic enzyme that catalyzes
the interconversion of 2-phosphoglycerate and phosphoenol-
pyruvate. In S. cerevisiae, there are two genes, ENO1 and
ENO2, which encode two isoenzymes with �90% identity in
amino acid sequence (93). The addition of exogenous, purified
recombinant Eno1 or Eno2 to an in vitro vacuolar fusion re-
action mixture stimulated fusion in a dose-dependent manner,
thus showing that enolase was an actual stimulator, not a con-
taminant carried over with the unknown high-molecular-
weight factor.

Remarkably, a recombinant enolase-GST protein with a
point mutation that abolished enzymatic activity was also ac-
tive in the fusion assay. Independent support for the physio-
logical importance of enolase in homotypic vacuolar fusion
derives from the observation that yeast mutants with a deleted
ENO1 gene and a low level of ENO2 expression presented
defects in vacuolar structure, exhibiting a picture of frag-
mented vacuoles. These vacuoles also had low levels of other
proteins implicated in vacuolar fusion, suggesting a role for
enolase in vacuolar protein trafficking (35).

Recombinant enolase stimulated in vitro vacuolar fusion
when the components in the assay mixture came from a wild-
type yeast but failed to do so when the components came from
an enolase-deficient strain, thus indicating that other enolase-
dependent factors are implicated in vacuole fusion. It was
found that about 1% of total vacuolar protein is enolase that
seems to bind to the vacuole through association with the
external membrane. The association of enolase with the vacu-

ole is dependent on the activity of the gene BOR1 (35), which
encodes a protein with sequence similarity to human “band 3,”
a protein implicated in the binding of glycolytic enzymes to
erythrocyte membranes (24).

Aldolase and Assembly of Vacuolar H�-ATPase
in S. cerevisiae

Vacuoles of yeast have a mild acidic pH of around 6 (23,
117) that is important for their function (81). The pH gradient
with respect to the less acidic cytoplasm (23) is generated and
maintained by the activity of a proton pump, the vacuolar
H�-ATPase. This pump belongs to a family of ATPases, the
V-ATPases, that hydrolyze ATP to generate an ion motive
force. They are composed of two distinct macrodomains, V0

and V1, built in turn by the assembly of different subunits (51,
75). These domains exist in equilibrium with the assembled
proton pump, which may partially dissociate under certain
conditions. In the case of yeast V-ATPase, deprivation of glu-
cose leads to a partial dissociation of the pump that is reversed
by addition of the sugar (76, 112). This dissociation appears to
be an important control mechanism of the activity of the yeast
V-ATPase, although other mechanisms may also be operative
(66, 76). In a search for proteins that could modulate the
activity of V-ATPases, Lu et al. (87) used a yeast two-hybrid
assay in which the bait was subunit E of the kidney V-ATPase,
which does not present homology with subunits of F-ATPases,
a family of structurally related ATPases that generally utilize
proton motive force to generate ATP. Using a human kidney
cDNA expression library, they identified an interaction be-
tween the bait subunit E and aldolase, the glycolytic enzyme
that hydrolyzes fructose-1,6-bisphosphate to dihydroxyac-
etone-P and glyceraldehyde 3-P. Results of coimmunoprecipi-
tation and immunocytochemistry experiments (87) supported
the occurrence of this interaction in vivo (87). In view of this
result, they studied the influence of aldolase in the dissociation
of macrodomains V1 and V0 in response to glucose in an S.
cerevisiae mutant lacking aldolase. For this purpose, they used
either in situ staining with specific antibodies against compo-
nents of the V1 and V0 macrodomains or immunoprecipitation
assays. They found that in the aldolase-deficient mutant, the
domains remained dissociated, while they were associated in
the wild-type control under the same conditions. The dissoci-
ation resulted in a threefold reduction of V-ATPase activity; it
was concluded that this effect was genuine and not due to the
impairment of glycolysis caused by a lack of aldolase because
the complex remained associated in a phosphoglucose isomer-
ase that also exhibited impaired glycolysis (87). Lu et al. (88)
showed that the phenotype of aldolase mutants, growth on rich
medium containing 1% ethanol at pH 5.5 but not at pH 7.5,
was similar to that observed for mutants with defects in some
subunits of V-ATPase. Again, mutants defective in phospho-
glucose isomerase grew in that medium at both pH values. To
examine the interaction between aldolase and V-ATPase in
vivo, assembled V-ATPase was immunoprecipitated from vac-
uolar membrane vesicles purified from cells growing in glucose
or deprived of the sugar. Subsequently, the preparation was
probed with antibodies against aldolase; these antibodies re-
acted strongly with the assembled V-ATPase when the vesicles
were obtained from a glucose culture, but the reaction was
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decreased eight times when vesicles from glucose-deprived
cells were used (88). Further support for the implication of
aldolase in the assembly of the yeast V-ATPase was obtained
using different aldolase mutants. A K323M mutant that con-
serves enzymatic activity but is unable to bind to the B subunit
of V-ATPase produced disassembly and malfunction of V-
ATPase and competed with wild-type aldolase when expressed
in a wild-type yeast, resulting in decreased ATP hydrolysis and
proton translocation activity (86). In contrast, an aldolase
H108A mutant that has no aldolase activity but binds to V-
ATPase did not affect those processes (86).

All of these results strongly argue in favor of aldolase par-
ticipation in the regulation of the activity and assembly of the
yeast V-ATPase in addition to its metabolic role in glycolysis.

A METABOLIC PROTEIN SWITCHES OFF A
BIOSYNTHETIC PATHWAY

Control of Ornithine Transcarbamylase by
Arginase in S. cerevisiae

Ornithine is one of the starting molecules for arginine bio-
synthesis and is also produced in the degradation of this amino
acid (Fig. 2). When yeast uses arginine as a nitrogen source,
arginase produces ornithine and urea; if unchecked, the simul-
taneous action of the arginine biosynthetic and degradative
pathways would lead to a futile cycle. Therefore, a series of
mechanisms exist to regulate the expression of the genes en-
coding enzymes that catalyze the catabolic and anabolic reac-
tions and to control the activities of those enzymes (31); argi-
nase itself participates in a peculiar regulatory phenomenon.
Bechet and Wiame (14) observed that the addition of arginine
to a yeast culture growing with ammonium as a nitrogen source
caused a rapid disappearance of the activity of ornithine tran-
scarbamylase (OTCase), the enzyme catalyzing the first step of
arginine biosynthesis. This disappearance was observed when
the enzyme was assayed in permeabilized cells; however,
OTCase activity could be detected when the assay was per-
formed with cell extracts. If an inhibitor of protein synthesis
was present when arginine was added, the decrease in OTCase
activity was not observed. They called this phenomenon “epi-
arginasic regulation” and proposed that the disappearance of
OTCase activity was caused by a protein synthesized after
arginine addition that acted directly on OTCase and whose
operation was likely to be stoichiometric rather than catalytic
(14). In vitro experiments showed that this was indeed the case
and that the newly synthesized protein was arginase (99).
Arginase, in the presence of arginine and ornithine, forms a
complex with OTCase and completely inhibits its activity while
remaining active itself (99); this complex is formed by the
stoichiometric association of one molecule of the trimeric
arginase with one of the trimeric OTCase (60, 98). The asso-
ciation is reversed by dilution or removal of the effectors ar-
ginine and ornithine, thus explaining the initial, puzzling
finding of why OTCase activity could not be measured in per-
meabilized cells but could be detected in cell extracts. Muta-
tions in OTCase that prevent its inhibition by arginase have
been identified in two regions conserved in other OTCases and
thought to be involved in ornithine binding (42). Binding of
arginase appears to favor a transition from an open to a closed

conformation of OTCase, thus eliminating its catalytic activity.
Mutations in cysteines 321 and 326, located in the C-terminal
portion of arginase, eliminated its regulatory function without
significantly affecting its catalytic activity or its affinity for the
substrate (42).

Epiarginasic regulation has been found in different yeast
species; its presence or absence is correlated with the different
subcellular locations of OTCase and arginase. Obviously, the
interaction between the two proteins requires a common sub-
cellular localization; this is the case for S. cerevisiae and related
species, in which OTCase and arginase are cytosolic, but not in
other yeast species, in which OTCase is mitochondrial and
arginase is cytosolic (69, 140, 142).

OTHER CASES

Ure2, a Regulator of Nitrogen Catabolite Repression,
Exhibits Glutathione Peroxidase Activity

The protein Ure2 is an important regulator of nitrogen ca-
tabolite repression, the process that controls the utilization of
available nitrogen sources by S. cerevisiae (32). It has also
received much attention due to its relationship with [URE3], a
non-Mendelian, nonmitochondrial mutation originally isolated
by its effects on nitrogen metabolism in yeast (3). The finding
that [URE3] is the prion form of Ure2 (145) has prompted
multiple studies to understand the processes that affect prion
formation and maintenance (84). The ure2 mutant was gener-
ated by Lacroute (83) during a study of genes implicated in the
regulation of pyrimidine biosynthesis. This mutant was able to
transport ureidosuccinate in the presence of both poor and
rich nitrogen sources, such as proline and ammonia, respec-
tively, in contrast with the wild type, which could transport
ureidosuccinate only under the first condition. Further studies
showed that ure2 mutants exhibited a pleiotropic phenotype
leading to loss of nitrogen catabolite repression of several
genes. Work in Magasanik’s laboratory demonstrated that
Ure2 was a negative regulator of Gln3, a key player in nitrogen
catabolite repression (34). It was found that Ure2 binds Gln3,
a GATA factor that activates the transcription of genes subject
to nitrogen catabolite repression, and maintains it in the cyto-
plasm (32). Coschigano and Magasanik (33) cloned and se-
quenced URE2 and found that its protein product showed
important homology in the C-terminal region with GSTs of
different organisms; later on, crystallographic studies showed
that the structure of this fragment has the same fold as that
found in the superfamily of GSTs (139). However, such an
activity could not be detected in the protein (33). Umland et al.
(139) showed that between residues 97 and 354 of Ure2, some
conserved amino acids implicated in catalysis in other GSTs
were absent, and they proposed that this could justify the
observed lack of activity. GSTs are enzymes that conjugate
glutathione to different substances and in this way decrease
their toxicity. This property was used by Rai et al. (118) to test
in vivo, indirectly, the putative GST activity of Ure2, bypassing
possible problems encountered with the in vitro assay of that
activity. They found that ure2 mutants were hypersensitive to
cadmium and nickel ions as well as to hydrogen peroxide.
Interestingly, ure2 mutants were not or were minimally more
sensitive than wild-type cells to 1-chloro-2,4-dinitrobenzene, a
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widely used substrate of GSTs. Rai et al. showed that ure2
mutants have phenotypes similar to those of mutants affected
in genes encoding GSTs in S. cerevisiae or Schizosaccharomyces
pombe, and they concluded that their results were consistent
with a role of Ure2 as a GST (118). Although 1-chloro-2,4-
dinitrobenzene is considered an almost universal substrate for
those enzymes, a number of them fail to show activity toward
it (84), and this is the case for Ure2.

Some GSTs possess glutathione peroxidase activity (5). This
type of activity was demonstrated for Ure2 by Bai et al. (8),
who purified the protein and performed in vitro kinetic mea-
surements to characterize the reaction of glutathione with sev-
eral hydroperoxides. The results showed that Ure2 does not
have a typical GST substrate specificity but belongs to a subset
of these proteins that are active against different oxidants (84).
The same authors showed that a truncated Ure2 protein lack-
ing the N-terminal 90 amino acids, which are a determinant for
conversion in the prion form (91), showed kinetic parameters
similar to those of wild-type protein in the reactions tested and
that fibrillar aggregates behaved similarly. Since the regulatory
function of Ure2 in nitrogen catabolite repression is lost upon
conversion to the prion form (URE3) (3), this result indicates
that the enzymatic activity is not sufficient for the regulatory
function. Recent results indicate that the prion domain is im-
plicated in stabilization of the protein and its interaction with
elements of the nitrogen catabolite repression system (128).

Enolase and Mitochondrial tRNA Import

Mitochondria are important organelles in eukaryotic cells. A
majority of their proteins are encoded by nuclear genes, trans-
lated in the cytosol, and imported into the organelle. However,
some mitochondrial proteins are synthesized in the organelle
itself, and mitochondrial genomes encode the set of tRNAs
used for this synthesis. In spite of this, mitochondria also im-
port nucleus-encoded tRNAs (127). In S. cerevisiae, three nu-
cleus-encoded tRNAs are imported, namely, tRNACUG

Gln ,
tRNAUUG

Gln (120), and tRNACUU
Lys , termed tRK1 (92). The im-

port of tRK1 into the mitochondrion was found to require
interaction of the aminoacylated molecule with the cytosolic
precursor of mitochondrial lysyl-tRNA synthetase, pre-Mks1
(135). In addition, other soluble components appeared to be
necessary, since pre-Mks1 alone could not import tRK1 into
the mitochondria in an in vitro assay. Fractionation of proteins
from an extract identified enolase as a protein that specifically
interacted with aminoacylated tRK1; no interaction was ob-
served with either the deacylated form or with tRK2, a
tRNAUUU

Lys . The isoform Eno2 was the most effective, although
Eno1 could act with about 10 to 20% import capacity. Using a
three-hybrid assay, an interaction between Eno2 and tRK1, but
not tRK2, was inferred from the growth behavior of the strains
used (45). Moreover, in a gel retardation assay, only Eno2 was
observed to form a complex with tRK1. Formation of a tRK1–
Eno2–pre-Mks1 ternary complex was not seen in gel retarda-
tion assays. In the presence of pre-Mks1, the amount of Eno2-
tRK1 complex decreased in favor of a tRK1–pre-Mks1
complex (45). In view of this result, it was hypothesized that
Eno2 binds the aminoacylated tRK1 in the cytosol and directs
it to the mitochondrial membrane, where it is transferred to
pre-Mks1 and enters the mitochondrion in this way.

No parallelism between enzymatic activity and import ca-
pacity was found, since a mutated form of Eno2 with 1%
activity still directed import with 30% of wild-type efficacy (45).

FINAL REMARKS

We have reviewed a number of well-authenticated cases of
proteins that moonlight in different yeast species. The variety
of proteins and the diversity of their moonlighting functions
show the wide range of different processes in which yeast
proteins originally identified as metabolic enzymes may partic-
ipate. In this sense, the situation in yeasts does not differ from
the picture found in higher eukaryotes (132). The fact that
more cases have been reported for S. cerevisiae than for other
yeast species does not necessarily mean that in other yeasts
moonlighting is less frequent but likely reflects the fact that S.
cerevisiae has been studied much more extensively than other
yeast species. The attractiveness of the moonlighting designa-
tion may induce premature or unwarranted attributions of this
characteristic to proteins that do not strictly conform to the
original definition (71, 132). An important cautionary remark
is that prior to the attribution of a moonlighting role to an
enzyme, it should be ascertained that the effects associated
with an enzymatic defect are not simply secondary effects de-
rived from changes in the metabolite profile caused by the lack
of enzymatic activity. In this review, only proteins whose mul-
tiplicity of functions has been demonstrated clearly by different
experimental approaches have been considered; therefore, we
have not included the increasing number of proteins that are
being found associated with the yeast cell wall. These proteins,
which are different from the intrinsic cell wall proteins (78, 82),
form a heterogeneous group with a variety of original functions
that range from glycolytic enzymes to translation elongation
factors (105). Although in general their function in the cell wall
has not been demonstrated clearly, in the case of pathogenic
yeasts some of them have been reported to act in the invasion
of host tissues (74, 105). The fact that the appearance of
these proteins in the cell wall is nonrandom, at least in some
cases (105), suggests that they might perform some un-
known function in that location. Thus, although some of
these proteins are potential candidates to be moonlighting
proteins, there is not yet, in our opinion, sufficient informa-
tion to qualify them as such.

One intriguing question is how moonlighting capabilities
appeared. It seems plausible to assume that the enzymatic
function of the protein is the primordial one. The sites impli-
cated in the catalytic process are likely to be more fixed by the
requirements of the chemical process but potentially occupy
only a small area of the structure of the protein. Parts of the
structure not strictly required for the metabolic function will be
more tolerant of changes and offer possibilities to develop new
activities. The new activities may or may not have a functional
relationship with the original enzymatic function. In the case of
KlGal1, certain characteristics of the protein, such as binding
to galactose and ATP, are used in the moonlighting function,
while in other cases the moonlighting role appears not to have
such a relationship, like, for example, the participation of pyru-
vate carboxylase in the assembly of alcohol oxidase in H. poly-
morpha. The tinkerer’s way of the evolutionary process (67)
may account for these differences. Exon shuffling (56) followed
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by subsequent rearrangements may be another way to origi-
nate genes that encode proteins with different functions. With
the data available, no sensible hypothesis about the origin of
this type of proteins may be offered. However, it seems that the
acquisition of moonlighting properties occurred at different
moments along evolution, as shown by the differences and lack
of conservation of these activities between similar proteins in
various yeasts.

An interesting case of evolution is that of KlGal1 in K. lactis
versus the pair of proteins Gal1-Gal3 in S.cerevisiae. KlGal1
has, in addition to its enzymatic function, a moonlighting reg-
ulatory activity, while in the second case one protein, ScGal3,
has no enzymatic activity and is entirely devoted to the regu-
latory function and ScGal1 has mainly a metabolic role, with
only marginal moonlighting activity. In the evolutionary history
of yeasts, K. lactis did not undergo the whole genome duplica-
tion and subsequent gene loss that originated S. cerevisiae (41,
126). The duplication and subsequent evolution allowed a sep-
aration of functions; an interesting question is which alterna-
tive is more advantageous for the organism, i.e., partitioning
two activities between two proteins or maintenance of both in
one protein. The first solution may provide more flexibility,
while the second one provides an economy of genetic material
and concomitant energy expenditure. However, the second
solution has the disadvantage that a mutation that affects the
regulatory domain makes the organism unable to grow on
galactose; there are no gal3-like mutants of K. lactis. What is
quite curious is that the separation of functions has brought
about a difference in the subcellular localization of the regu-
latory event. No explanation is available for this difference.
Hittinger and Carroll (64) performed a detailed study of the
evolution of the GAL1-GAL3 genes in S. cerevisiae. These
genes evolved by changes in both their coding and promoter
regions; this has allowed a very tight control on GAL1 expres-
sion that varies about 1,000 times depending on the presence
or absence of galactose in the medium. It remains to be ascer-
tained if a division of functions in the natural ecological envi-
ronment of K. lactis would have increased its adaptive fitness.

A remarkable finding is the large number of proteins related
with sugar metabolism that moonlight; for example, hexoki-
nase, phosphofructokinase, aldolase, enolase, and pyruvate
carboxylase perform some unrelated function in different
yeasts. Among them, enolase appears to be a most versatile
protein, as shown in this review. Also, one of its isoforms,
Eno1, has been identified as heat shock protein HSP48 (65).
This parallels findings with higher organisms, in which 7 of 10
enzymes from the glycolytic pathway appear to moonlight
(132). It could be speculated that the antiquity of this pathway
as well as the constitutive expression of its enzymes could have
allowed extensive trial and selection of its proteins for multiple
functions. Curiously, no moonlighting activity has been re-
ported for glyceraldehyde-3-P dehydrogenase in yeast, even
though it is implicated in several nonenzymatic functions in
other organisms (130, 132). It shall be noted, however, that the
moonlighting activities of an enzyme are usually organism spe-
cific; for example, aconitase in S. cerevisiae moonlights to main-
tain mtDNA, while in mammals its alternative function is to
regulate the amount of mRNA encoding ferritin and the trans-
ferring receptor (11).

In almost all cases considered in this review, the catalytic

metabolic activity of the corresponding protein was not re-
quired for its moonlighting function. Yeast hexokinase re-
mains, up to now, an exception, since no bona fide mutants
devoid of catalytic activity but retaining its regulatory function
have been reported. This contrasts with the situation in plants,
where hexokinase activity is not necessary for its glucose sig-
naling role (28). It seems, therefore, that a protein’s moon-
lighting activity may be dissociated from the metabolic pathway
in which its enzymatic activity participates, suggesting that
these proteins may receive signals from different pathways.
Moonlighting activity may also be influenced by the cellular
environment; changes in the concentrations of metabolites are
important for this function, as seen by the requirement for
galactose and ATP for the formation of the KlGal1-KlGal80
complex or by that for arginine and ornithine for the moon-
lighting function of arginase. There is not extensive informa-
tion about the exclusivity of moonlighting functions; it is
known that arginase activity is not abolished by its binding to
OTCase (99), but similar information is not available for yeasts
in other cases. In higher organisms, aconitase exerts its moon-
lighting role only when iron scarcity makes the protein enzy-
matically inactive (79).

An area that deserves consideration is that of the possible
moonlighting function of some transporters as nutrient sen-
sors. In S. cerevisiae or K. lactis, glucose transporters do not
sense the sugar; instead, other proteins highly similar to them
but without such activity act as sensors and control the expres-
sion of genes encoding the transporters (77). This raises the
question of the possible evolutionary origin of the sensors from
ancient moonlighting transporters. It would be interesting to
study if in more ancient yeasts sugar transporters have the
capacity to act as sugar sensors and in this role act on other
pathways. In the case of certain transporters, such as Gap1 or
Mep2, a role as sensors has been found. Upon interaction with
amino acids, the amino acid permease Gap1 activates protein
kinase A activity (38), and Mep2, an ammonium transporter, is
required for pseudohyphal differentiation under nitrogen star-
vation conditions (85).

Up to now, the moonlighting functions of proteins have
usually been found by chance. The identification of moonlight-
ing activities is important for understanding cell function, for
interpretation of unusual phenotypes, and for targeted modi-
fication of metabolic pathways. Therefore, it would be of great
interest to develop tools to predict which proteins may moon-
light and their physiological role. Unfortunately, this appears
to be quite difficult, as shown by the following considerations.
One guide for prediction could be to infer the moonlighting
role from previously documented cases; for example, the in-
fluence of the pyc1 mutation on methanol metabolism was
successfully predicted for P. pastoris from the findings with H.
polymorpha (109). However, the same cannot be said of hexo-
kinase and its participation in catabolite repression, since in
most of the yeast species studied the protein does not play a
role similar to that found in S. cerevisiae. Another unsuccessful
case of prediction is that of the epiarginasic regulation of
OTCase by arginase, as arginase moonlights in this role in only
some yeast species (69, 140). A possible hint for a moonlighting
activity could be an unusual pattern of expression of the coding
gene, localization of the protein, or both. However, even if a
suggestive case for moonlighting could be made, it will be quite
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difficult to predict what the unknown activity might be. Bioin-
formatics has not yet been of much help in predicting moon-
lighting functions. The difficulty in prediction is reflected by
work done with known moonlighting proteins as a starting
point to test different algorithms. Although domains for alter-
native functions were found by bioinformatic analysis, the pre-
dictive power appeared to be very low (57). The limitations
currently associated with automated protein function predic-
tion have been reviewed by Friedberg (52). It should also be
considered that small changes in protein structure can trigger
the appearance of unexpected activities, as shown for mamma-
lian dihydrolipoamide dehydrogenase, in which certain muta-
tions decrease the normal enzymatic activity and make the
protein function as a protease (7). It therefore appears that
discovery of moonlighting activities will remain a matter of
serendipity for the immediate future.

The moonlighting phenomenon has revealed several previ-
ously unknown functional relationships between cellular pro-
cesses and shows the importance of an integrated network of
interactions for adequate functioning of an organism. Less
than 10 years ago, moonlighting was an almost unknown word
in biology; since the proposal of the concept (71), the number
of recognized cases of moonlighting proteins has greatly in-
creased, and it is likely that we know only a narrow segment of
the whole. Given the importance of the roles identified for
moonlighting proteins and the relevance of the phenomenon
for both basic and applied problems, its existence ought to be
widely recognized.
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