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Abstract

In addition to two genes (ENO1 and ENO2) known to code for enolase (EC4.2.1.11), the
Saccharomyces cerevisiae genome contains three enolase-related regions (ERRI, ERR2
and ERR3) which could potentially encode proteins with enolase function. Here, we
show that products of these genes (Err2p and Err3p) have secondary and quaternary
structures similar to those of yeast enolase (Enolp). In addition, Err2p and Err3p
can convert 2-phosphoglycerate to phosphoenolpyruvate, with Kinetic parameters
similar to those of Enolp, suggesting that these proteins could function as enolases
in vivo. To address this possibility, we overexpressed the ERR2 and ERR3 genes
individually in a double-null yeast strain lacking ENOI and ENO2, and showed that
either ERR2 or ERR3 could complement the growth defect in this strain when cells
are grown in medium with glucose as the carbon source. Taken together, these data
suggest that the ERR genes in Saccharomyces cerevisiae encode a protein that could
function in glycolysis as enolase. The presence of these enolase-related regions in
Saccharomyces cerevisiae and their absence in other related yeasts suggests that these
genes may play some unique role in Saccharomyces cerevisiae. Further experiments will
be required to determine whether these functions are related to glycolysis or other
cellular processes. Copyright © 2012 John Wiley & Sons, Ltd.
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Introduction Although ENOI and ENO?2 encode very similar

proteins, the expression of these genes is differen-

Enolase (EC4.2.1.11) is the enzyme responsible
for the conversion of 2-phosphoglycerate to phos-
phoenolpyruvate during glycolysis and the reverse
reaction during gluconeogenesis. In Saccharomyces
cerevisiae, there are two genes, ENOI and ENO?2,
coding for enolase that share 98% amino acid
similarity and 95% identity. Since most enolases,
including that of yeast, are dimers, three catalytically
active enolases, comprised of both homo- and
heterodimers of Enolp (the ENOI gene product)
and Eno2p (the ENO2 gene product) are produced
by random assortment in vivo (McAlister and
Holland, 1982).

Copyright © 2012 John Wiley & Sons, Ltd.

tially regulated. In commercially grown baker’s
yeast, cells produce primarily Enolp (Westhead
and McLain, 1964), while in laboratory strains of
Saccharomyces cerevisiae grown on glucose, Eno2p
predominates and, on non-fermentable carbon
sources, such as ethanol or glycerol + lactate, there
are similar amounts of the two proteins (McAlister
and Holland, 1982). This suggests that the ENO2
gene contains regulatory regions that mediate
glucose-dependent induction of gene expression
(Cohen et al., 1986). Indeed, the 5’ non-coding
regions of both ENOI and ENO?2 have been well-
studied and shown to contain multiple cis-acting



regulatory elements (Cohen et al., 1987; Uemura
et al., 1986, 1987). The ENOI and ENO2 genes
contain Gerlp-binding motifs (Huie et al., 1992)
and Gerlp is required for maximum transcription
of both genes (Holland et al., 1990). Either of two
upstream activation sites (UASs) can activate
transcription independently (Cohen et al., 1986,
1987). Binding sites for the transcription factor
Raplp were mapped to UAS1 elements, while
different transcription factors, Ebflp and Abflp,
bound to the UAS2 elements (Brindle et al., 1990).
The ENO1 gene also contains an upstream repression
sequence (URS) which prevents the glucose-
dependent induction mediated by the regulatory
elements described above (Cohen et al., 1987).
However, ENOI expression is not repressed in
glucose-grown cultures of strains bearing deletions
to genes comprising the SNF complex (Choi et al.,
2008). The REEI gene product is required for
glucose-repression of ENO/ and most likely exerts
its effect via interaction with Gal83p, a component
of the SNF complex (Choi et al., 2008). Clearly, the
expression of the enolase genes is under complex
control in Saccharomyces cerevisiae. Despite this
difference in the regulation of ENOI and ENO?2 in
yeast, either gene product can complement the
growth defect of an enoleno2 double-null strain
growing on glucose (Entelis et al., 2006).

The situation may be even more complex in
mammals where there are three enolase genes,
ENOI, ENO2 and ENO3, encoding proteins called
a-enolase, y-enolase and f-enolase, respectively.
Athough these isozymes have >80% sequence
identity and >90% sequence similarity, their
cognate genes exhibit tissue-specific expression.
While f-enolase is found primarily in skeletal
and cardiac muscles, y-enolase is restricted to
neurons and the embryonic form, o-enolase, is
found in many tissues (Chen and Giblett, 1976;
Pearce, et al., 1976). These mammalian isozymes
also readily associate to produce both homo- and
heterodimers (Rider and Taylor, 1974).

In addition to its central role in glycolysis and
gluconeogenesis, enolase recently has been
implicated in a number of diverse cellular processes
ranging from the import of tRNAs into mitochondria
(Entelis et al., 2006) and the formation of vacuoles
(Decker and Wickner, 2006) in yeast, to an associa-
tion with nuclei, cell membranes and cytoskeletal
elements in Plasmodium (Pal-Bhowmick et al.,
2007) to the modulation of signalling pathways
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(Subramanian and Miller, 2000, Hafner et al.,
2012) and the regulation of potassium channels
(Renigunta et al., 2011) in humans. In addition,
large amounts of a-enolase are found in the eyes of
many organisms (Wistow et al., 1988; Cuthbertson
et al., 1992; Kathiresan et al., 2006), where enolase
plays a structural rather than enzymatic role
(Wistow et al., 1988). Interestingly, the products of
the conserved ENOI and ENO?2 yeast genes appear
to play different roles. In cells engineered to express
only one of these two genes, both the tRNA import
(Entelis et al., 2006) and vacuole fusion (Decker
and Wickner, 2006) processes function more
efficiently with Eno2p than with Enolp. In humans,
ENOI also encodes Myc-binding protein-1 (MBP1)
which functions in downregulating the activity of
the c-myc proto-oncogene (Subramanian and
Miller, 2000) and interacts with the renal epithe-
lial K* channel ROMK?2 to regulate its function
(Renigunta et al., 2011), while a C-terminal pep-
tide of human y-enolase can mediate neurotrophic
effects by activating specific signalling pathways
(Hafner et al., 2012). It therefore seems that
enolase has taken on additional roles throughout
a broad spectrum of organisms. Interestingly, in an
enolase-depleted yeast strain, Plasmodium enolase
complements growth retardation, vacuolar fragmen-
tation and altered expression of certain vacuolar
proteins (Das et al., 2011), suggesting that these
additional activities may be evolutionarily con-
served. The conservation of accessory functions
is also supported by the ability of enolases from
diverse organisms to bind plasminogen (reviewed
in Kornblatt ef al., 2011).

Given that enolase plays a role in the central meta-
bolic pathway of glycolysis and gluconeogenesis
and functions in diverse processes not linked
directly to glycolysis or gluconeogenesis, it is
noteworthy that the Saccharomyces cerevisiae
genome contains, in addition to the well-studied
ENOI and ENO2 genes, three additional genes
which could encode enolase-like proteins (Pryde
et al., 1995). These genes were annotated as
enolase-related repeats (ERRI, ERR2 and ERR3)
and are found near the ends of chromosomes XV
(YOR393W), XVI(YPL281C) and XTIl (YMR323W),
respectively. While ERRI and ERR?2 have identical
open reading frame (ORF) sequences and their
predicted gene products have 67% sequence iden-
tity with Enolp and Eno2p, including conservation
of all of the amino acids known to be essential for
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the glycolytic and gluconeogenic functions of
enolase (Figure 1), the ERR3 ORF differs from
ERRI and ERR? at 12 nucleotide positions, resulting
in only two amino acid differences (glutamate
residues at positions 80 and 229 in Err2p are
aspartate and lysine residues, respectively, in Err3p).
The proximity of the ERR genes to telomeres raises
the possibility that transcription of these genes might
be reduced, due to the telomere position effect
(reviewed in Wellinger and Zakian, 2012) and there
is conflicting evidence as to the synthesis and
amounts of ERR transcripts or proteins in yeast.
While Lipson et al. (2009) could detect no
transcripts for ERR3 and reported that transcript
levels for ERRI and ERR2 are < 1 transcript/
million, suggesting that these genes are likely not
transcribed, other data (Ideker et al., 2001; Torres
etal.,2007; Lai et al.,2008; Ni et al., 2009) suggest
that these genes are transcribed and that their
expression may be regulated. These different findings
may reflect the growth conditions examined. For
example, while Lipson et al. (2009) analysed
transcripts from yeast grown in rich medium with
glucose at 30°C, Ideker et al. (2001) examined the
response to different carbon sources. While null
mutations in individual or combinations of ERR
genes had no detectable effect on either growth or
meiotic viability at room temperature, 30°C or
37°C on fermentable or non-fermentable carbon
sources or on sporulation medium, it is possible
that functions of these ERR genes may have been
compensated for by the ENOI and ENO2 genes,
which were still present (Pryde et al., 1995).
Deutscher et al. (2006) proposed that deletions of
ERR?2 or ERR3 would be synthetically lethal with
deletions in ENOI or ENO2, although this has not
been tested experimentally. There is evidence that
the ERR gene products interact with other proteins
in the cell (e.g. Tarassov et al., 2008; Costanzo
et al., 2010) and recently the ERR2 gene product
has been identified as a potential target for protein
kinases encoded by PHOS85 (Ptacek et al., 2005)
and SCY!I (Fasolo et al., 2011), while ERRI has
been identified as a possible substrate for the kinase
encoded by ELMI (Sharifpoor et al., 2012).
Recently, the presence of Err proteins in yeast
was reported by Costenoble et al. (2011), who
noted changes in Err protein levels depending on
the carbon source provided (these experiments
could not distinguish between Errlp, Err2p and
Err3p, given their sequence conservation). In fact,

Copyright © 2012 John Wiley & Sons, Ltd.

changes in the levels of the Err proteins correlated
well with changes in Eno2p levels, as well as with
changes in the levels of other glycolytic enzymes
(Costenoble et al., 2011).

Given these observations, we set out to explore
the potential functions of these enolase-related
sequences. Here we report that ERR2 and ERR3
encode functional enolases, with physical and
kinetic properties similar to those of Enolp. Further-
more, we show that overexpressing either the ERR2
or ERR3 gene can complement the growth defect in
a double-null yeast strain lacking ENOI and ENO2
when the cells are growing in medium containing
glucose as the carbon source. In addition, we found
that the Err proteins of S. cerevisiae are closely
related to Enolp of C. glabrata, whereas both
Enolp and Eno2p of S. cerevisiae are closely related
to Eno2p of C. glabrata.

Materials and methods

Strains and plasmids

Escherichia coli strains XL2 Blue (Stratagene) and
BL21(DE3) (Invitrogen) were used for DNA
manipulations and protein production, respectively.
Saccharomyces cerevisiae strain BY4743 (Brachmann
et al., 1998) was used as a source of genomic DNA
for amplification by PCR. The S. cerevisiae eno2
null strain (relevant genotype eno2::HIS3 ura3-52
trp1-903), the enolase-lacking strain (relevant
genotype enol::kanMX4 eno2::HIS3 ura3 trpl)
designated herein as enoleno2 double null and
derivatives containing pE1 and pE2 are as described
in Entelis et al. (2006), and were kindly provided by
Dr Nina Entelis (CNRS-Université Louis Pasteur,
Strasbourg). S. cerevisiae strain W303-1B (R. Rothstein,
Columbia University) was used as a control ENO1
ENO2 strain. Plasmids pET-3a (Novagen) and
pG145-3 were used for expression in E. coli and
yeast, respectively. Plasmid pG145-3 was generated
by transferring the TDH3 promoter, multiple cloning
site and CYC terminator of p426GPD (Mumberg
et al., 1995) into the Sacl and Kpnl sites of pRS314
(Sikorski and Heiter, 1989).

Plasmid construction
Standard molecular biology techniques were employed
throughout (Ausubel et al., 1989). Oligonucleotides
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YOR393W/Errlp SITKVHARTVYDSRGNPTVEVEITTENGLFRAIVPSGASTGIHEAVELRDGNKSEWMGKG 60
YPL281C/Err2p SITKVHARTVYDSRGNPTVEVEITTENGLFRAIVPSGASTGIHEAVELRDGNKSEWMGKG 60
YMR323W/Err3p SITKVHARTVYDSRGNPTVEVEITTENGLFRAIVPSGASTGIHEAVELRDGNKSEWMGKG 60
YGR254W/Enolp AVSKVYARSVYDSRGNPTVEVELTTEKGVFRSIVPSGASTGVHEALEMRDGDKSKWMGKG 60
YHR174W/Eno2p AVSKVYARSVYDSRGNPTVEVELTTEKGVFRSIVPSGASTGVHEALEMRDEDKSKWMGKG 60
::QQ:ﬁ':"'.t.tt't'tt:"':':'ﬁ:ttiﬁﬁﬁﬁﬁﬁ:ﬁﬁﬁ:ﬁ:ﬁi :ii:ﬁtﬁt*
YOR393W/Errlp VTKAVSNVNSIIGPALIKSELCVINQKGIDELMISLDGTSNKSRLGANAILGVSLCVARA 120
YPL281C/Err2p VTKAVSNVNSIIGPALIKSELCVTNQKGIDELMISLDGTSNKSRLGANAILGVSLCVARA 120
YMR323W/Err3p VTKAVSNVNSIIGPALIKSDLCVTINQKGIDELMISLDGTSNKSRLGANAILGVSLCVARA 120
YGR254W/Enolp VLHAVKNVNDVIAPAFVKANIDVKDQKAVDDFLISLDGTANKSKLGANAILGVSLAASRA 120
YHR174W/Eno2p VMNAVNNVNNVIAAAFVKANLDVKDQKAVDDFLLSLDGTANKSKLGANAILGVSMAAARA 120
> :'t‘ft":t-"::'::: ..:ii.:i::::iiiii:iii:iiiii'iti':..:'i
YOR393W/Errlp AAAQKGITLYKYIAELADARQDPFVIPVPFFNVLNGGAHAGGSLAMOEFKIAPVGAQSFA 180
YPL281C/Err2p AAAQKGITLYKYIAELADARQDPFVIPVPFFNVLNGGAHAGGSLAMOEFKIAPVGAQSFA 180
YMR323W/Err3p AAAQKGITLYKYIAELADARQDPFVIPVPFFNVLNGGAHAGGSLAMOEFKIAPVGAQSFA 180
YGR254W/Enolp AAAEKNVPLYKHLADLSKSKTSPYVLPVPFLNVLNGGSHAGGALALQEFMIAPTGAKTFA 180
YHR174W/Eno2p AAAEKNVPLYQHLADLSKSKTSPYVLPVPFLNVLNGGSHAGGALALQOEFMIAPTGAKTFA 180
***:*.:.*t:::t:i:.:: .i:i:iﬁ*ﬁ:******:****:**:*** *Q*.ti’::t*
YOR393W/Errlp EAMRMGSEVYHHLKILAKEQYGPSAGNVGDEGGVAPDIDTAEDALDMIVEAINICGYEGR 240
YPL281C/Erx2p EAMRMGSEVYHHLKILAKEQYGPSAGNVGDEGGVAPDIDTAEDALDMIVEAINICGYEGR 240
YMR323W/Err3p EAMRMGSEVYHHLKILAKEQYGPSAGNVGDEGGVAPDIDTAEDALDMIVKAINICGYEGR 240
YGR254W/Enolp EALRIGSEVYHNLKSLTKKRYGASAGNVGDEGGVAPNIQTAEEALDLIVDAIKAAGHDGK 240
YHR174W/Eno2p EAMRIGSEVYHNLKSLTKKRYGASAGNVGDEGGVAPNIQTAEEALDLIVDAIKAAGHDGK 240
t*:ﬂ:ﬂ:ﬂﬂiﬁiﬂ:ﬂﬁ :::QQ.ﬁ*i&kiﬁﬁiﬁﬁﬁi:i:*i*:‘ﬁ**:**.ﬁiz ‘i::i:
YOR393W/Errlp VKVGIDSAPSVFYKDGKYDLNFKEPNSDPSHWLSPAQLAEYYHSLLKKYPIISLEDPYAE 300
YPL281C/Err2p VKVGIDSAPSVFYKDGKYDLNFKEPNSDPSHWLSPAQLAEYYHSLLKKYPIISLEDPYAE 300
YMR323W/Err3p VKVGIDSAPSVFYKDGKYDLNFKEPNSDPSHWLSPAQLAEYYHSLLKKYPIISLEDPYAE 300
YGR254W/Enolp IKIGLDCASSEFFKDGKYDLDFKNPNSDKSKWLTGPQLADLYHSLMKRYPIVSIEDPFAE 300
YHR174W/Eno2p VKIGLDCASSEFFKDGKYDLDFKNPESDKSKWLTGVELADMYHSLMKRYPIVSIEDPFAE 300
t:t:t.t-t t:tt""':'i:i:#' #:#ﬁ: :ii: iiii:i:"t:t:.i.:'t
YOR393W/Errlp DDWSSWSAFLKTVNVQIIADDLTCTNKTRIARAIEEKCANTLLLKLNQIGTLTESIEAAN 360
YPL281C/Err2p DDWSSWSAFLKTVNVQIIADDLTCTNKTRIARAIEEKCANTLLLKLNQIGTLTESIEAAN 360
YMR323W/Err3p DDWSSWSAFLKTVNVQIIADDLTCTNKTRIARAIEEKCANTLLLKLNQIGTLTESIEAAN 360
YGR254W/Enolp DDWEAWSHFFKTAGIQIVADDLTVTNPKRIATAIEKKAADALLLKVNQIGTLSESIKAAQ 360
YHR174W/Eno2p DDWEAWSHFFKTAGIQIVADDLTVTNPARIATAIEKKAADALLLKVNQIGTLSESIKAAQ 360
*t*-:*t t:tt..:ii:itiii - -k iiﬁ:ﬁ.*::iﬁ'*:***i**:*l’*:"":
YOR393W/Errlp QAFDAGWGVMISHRSGETEDPFIADLVVGLRCGQIKSGALSRSERLAKYNELLRIEEELG 420
YPL281C/Erx2p QAFDAGWGVMISHRSGETEDPFIADLVVGLRCGQIKSGALSRSERLAKYNELLRIEEELG 420
YMR323W/Err3p QAFDAGWGVMISHRSGETEDPFIADLVVGLRCGQIKSGALSRSERLAKYNELLRIEEELG 420
YGR254W/Enolp DSFAAGWGVMVSHRSGETEDTFIADLVVGLRTGQIKTGAPARSERLAKLNQLLRIEEELG 420
YHR174W/Eno2p DSFAANWGVMVSHRSGETEDTFIADLVVGLRTGQIKTGAPARSERLAKLMOLLRIEEELG 420
::* *-***t:t*tttttti'titﬁ*ﬁiﬁﬁ* 'ﬁﬁ**:** :******* t:tﬁ*t***tﬁ
YOR393W/Errlp DDCIYAGHRFHDGNKL 436
YPL281C/Err2p DDCIYAGHRFHDGNKL 436
YMR323W/Err3p DDCIYAGHRFHDGNKL 436
YGR254W/Enolp DNAVFAGENFHHGDKL 436
YHR174W/Eno2p DKAVYAGENFHHGDKL 436

* IR * ok ke ok E

Figure |. ClustalW alignment of yeast enolases and the predicted products from the enolase-related regions of the yeast
genome. The numbering used in the alignment is based on the initial sequencing of Enolp (Chin et al., 1981), from which
the N-terminal methionine had been removed. Residues identified to be involved in mechanism by mutagenesis and crystal
structure (Larsen et al., 1996) and residues that bind the first metal ion (Wedekind et al., 1995) are shown in bold. Residues
involved in hydrogen bonds or salt links between subunits (Stec and Lebioda, 1990) are shown in bold and italic. Additional
residues predicted by computational studies to be involved in the mechanism (Liu et al., 2000) are shown in italic. The three
highly mobile loops (Stec and Lebioda, 1990; Wedekind, et al., 1994) are underlined. (¥), amino acid identity; (), strongly
conserved amino acids; (.) weakly conserved amino acids

Copyright © 2012 John Wiley & Sons, Ltd. Yeast 2013
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used in plasmid construction are listed in Table 1.
The enolase-related ORFs were cloned in two
segments. The 3 portion of the ORFs was obtained
by PCR amplification of 1.3 kbp regions from
BY4743 genomic DNA, using oligonucleotides
ERR2a and ERR2b. This PCR reaction simulta-
neously amplified ERR3, ERRI and ERR?2 sequences
from chromosomes XIII, XV and XVI, respectively.
The resulting products were digested with Ndel and
BamHI and the 600bp Ndel/BamHI fragment
population was ligated into similarly-digested
pET-3a. The five nucleotide differences between
ERR3 and both ERRI or ERR2 (which are identical)
in this region are silent, and therefore the same
cloned representative BamHI/Ndel fragment was
used to construct both the ERR2 and ERR3 clones.
An Ndel/Ndel fragment from the same digest was
used to clone the 5’ end of the open reading frame
and this region contains seven nucleotide differ-
ences defining two amino acid substitutions that
are diagnostic of ERR2 or ERR3. This Ndel/Ndel
fragment was ligated into the pET-3a vector-
derivative upstream of the inserted Ndel/BamHI
fragment, and DNA sequence analysis was used
to distinguish between ERR2 and ERR3 sequences
(as ERRI and ERR?2 are identical from at least
500bp upstream to 300bp downstream of their
open reading frames, we chose to name the clone
ERR?2 and used it as a representative of both genes).
For expression in S. cerevisiae, the ERR2 and ERR3
clones were amplified independently from the
appropriate pET-3a derivatives by PCR, using the
ERRBAMS5’ and ERRSALS3 primers, digested with
BamHI and Sall and ligated into BamHI/Sall-
digested pG145-3. The ENOIland ENO2 genes were
amplified by PCR from BY4743 genomic DNA,
using the ENOSBAM and ENO1-3SAL or ENO2-
3SAL oligonucleotides, respectively, digested with

Table I. Oligonucleotides used in this study

BamHI and Sall and ligated to similarly-digested
pG145-3. Oligonucleotides were purchased from
Biocorp (Montreal, QC, Canada). All plasmid
constructs were confirmed by sequence analysis
(McGill University and Génome Québec Innovation
Centre, Canada).

Plasmid shuffling

Yeast strain enoleno2 +pE2 or the control strain
W303-1B was transformed with pG145-3 or deriva-
tives containing the open reading frame of ERR2,
ERR3, ENOI or ENO2 under the control of the
TDH3 promoter. Transformants were selected on
synthetic complete medium (Sherman, 1991) lacking
uracil and tryptophan. Plasmid shuffling was
accomplished by replica-plating Ura* Trp™ transfor-
mants onto YPD, incubating overnight at room
temperature, replica-plating to 5-fluoro-orotic acid
(FOA) medium (Boeke et al., 1984) supplemented
with 30mg/l leucine, lysine and tyrosine and
20mg/1 adenine, histidine and tryptophan, with or
without FOA, and incubating at 30°C for 4 days.

Growth assays

FOA -resistant transformants were grown overnight
at 30°C in SC-trp medium (except for the
enoleno2 or the enoleno2+pE2 strains, which
were grown for 1 week on YPG plates (Sherman,
1991) or in SC liquid medium lacking uracil,
respectively). The cells were diluted in phosphate-
buffered saline (PBS) to a concentration of
0.5 ODgqp units, serially diluted, spotted onto the
appropriate medium and incubated at 30°C for the
times indicated.

Oligonucleotide

Sequence (5 to 3')*

ERR2a
ERR2b
ENO5BAM
ENOI-3SAL
ENO2-3SAL
ERRBAMS’
ERRSAL3’

GATAAACATATGTCCATCACGAAGGTAC
ACAAGAGGATCCTTTATAGTTTGTTTCCATC
GAATTCGGATCCAATGGCTGTCTCTAAAG
GGTTATGTCGACGTTTTTTGGACTAGAAGGC
GGTTATGTCGACGAAAAGACTAATAATTCTTAG
GAGGATCCTATGTCCATCACGAAGG
ACAAGGTCGACCTTTATAGTTTGTTTCC

*Restriction sites used are underlined.

Copyright © 2012 John Wiley & Sons, Ltd.
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Protein purification

The expression and purification of Enolp was
done following the procedure of Zhao et al.
(2008). The expression of ERR2 and ERR3 was
performed as described previously for ENOI (Poyner
et al., 1996), except that the overnight expression
was performed at 29°C. Resuspension of the cells,
sonication and ammonium sulphate precipitation
have been described previously (Zhao et al., 2008).
The precipitated protein was dialysed against TME
buffer (50mM Tris—HCI, pH7.4, 1 mM Mg(OAc),
and 0.1 mM EDTA) and applied to a Q-Sepharose
column that had been equilibrated with the same
buffer. Unbound protein was removed by washing
with TME and Err2p or Err3p was eluted with a
0-0.6M gradient of NaCl in TME. Fractions
containing enolase activity were pooled, dialysed
overnight against TME and precipitated with 85%
ammonium sulphate. The precipitated protein was
stored at 4°C and dialysed against TME prior to
use. Protein concentrations were determined at
280 nm, using the following extinction coefficient
for Err2p and Err3p: 48360 M/cm or 1.025 mg/ml.
For crude extracts, the BIORAD protein assay
was used with BSA as a standard.

Activity assays

Enzyme activity was measured in a continuous
assay by following, at 240 nm, the conversion of
2-phosphoglycerate (PGA) to phosphoenolpyruvate
(PEP; ¢pgp=1.33 mM ). The assay used during pur-
ification contained 50mM imidazole, pH 7.1,
250 mm KCl, 1 mm Mg(OAc),, 0.1 mMm EDTA and
I mM PGA. Specific activities (U/mg protein) in
crude extracts were determined using this assay.
The PGA was prepared enzymatically from ATP
and glyceric acid (Sims and Reed, 2005). For kinetic
studies, the buffer contained 25 mM Tris and 25 mM
2-(N-morpholino)ethanesulphonic acid (MES),
pH7.1. Assays contained either 1 mM PGA and
variable concentrations of Mg(OAc), in the range
10 uM to 9 mMm or 0.5 mM Mg(OAc),, and variable
concentrations of PGA in the range 30-990 um.
Kinetic parameters were determined via non-linear
curve fitting with ENZFITTER (Biosoft), using
either the Michaelis—Menten equation (for rate vs
[PGA]) or the equation for modified substrate
inhibition (for rate vs [Mg2+]; Kornblatt, 2005); K.,
is expressed as U/monomer enzyme. All assays

Copyright © 2012 John Wiley & Sons, Ltd.
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were performed in duplicate from a single purified
protein preparation for each enzyme. This ensured
consistency between the enzyme assays and all
subsequent biophysical characterizations.

Biophysical characterization

Molecular masses were determined by MS-Q-TOF
at the Concordia Centre for Biological Applications
of Mass Spectrometry. CD spectra were recorded
on a Jasco J-810 spectropolarimeter. Samples were
14 uM in TME titrated with H,SO,4. Spectra were
scanned in the range 260-185 nm, using a 0.01 cm
path length at 20°C. Subtraction of the buffer spec-
trum and smoothing of the spectra were done using
Jasco software. The resulting spectra were analysed
for secondary structure at the Dichroweb site (Birk-
beck College, UK) using the CDSSTR method. For
temperature denaturation, a 1 mm cuvette was used
and the CD signal was monitored at 222 nm, while
the temperature was increased from 35°C to 70°C
at 15°C/h.

Sedimentation velocity experiments were per-
formed in a Beckman XIL-I analytical ultracentrifuge.
Samples were 14 uM in TME buffer; centrifugation
was at 35 000rpm at 20°C, with scanning at
280 nm. Data were analysed using SEDFIT v 89
(www.analyticalultracentrifugation.com), using the
continuous c¢(s) model. The viscosity and
density for the buffer were calculated using
SEDNTERP v 1.07 (D. B. Hayes, T. Laue
and J. Philo: www.bbri.org/RASMB/rasmb.
html) and used to convert sedimentation coeffi-
cients to Sy -

The K4 value for subunit dissociation of the
enolases was determined by incubating the enzyme
in TME buffer containing varying concentrations
of NaClOy4. After an incubation of 24 h at 15°C,
aliquots were assayed for enzymatic activity using
our standard enolase assay. The experiment was
performed twice, with each sample being assayed
in duplicate. Based on previous experiments (Zhao
et al., 2008), we assumed that the fraction of activity,
compared to the control in the absence of NaClOy,
equals the fraction of dimeric enzyme. These data
were then used to calculate Ky:

Kq = 4 [enolase] (f)*/(fo)

where fy and fp are the fractions of monomeric and
dimeric enzyme, respectively. A plot of log K4 vs
[NaClO4] gives K4 at 0M NaClO,.
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Enolase-related regions

Phylogenetic analyses

The amino acid sequences of selected enolase gene
products were aligned using the ClustalW software
program (Thompson et al., 1994: www.ebi.ac.uk/
Tools/msa/clustalw2) and analysed using PAUP*
v 4.0 (Swofford, 2001). Phylogenetic trees were recon-
structed through three algorithms: (a) unweighted pair
group method with arithmetic mean (UPGMA); (b)
neighbour joining (NJ); and (c) maximum parsimony
(MP), as implemented in PAUP. The robustness of
resulting tree branches was assessed via bootstrap
analyses of 1000 replicates.

Results

The release of the complete sequence of the S.
cerevisiae genome (Goffeau et al., 1996) revealed
three enolase-related regions, ERRI, ERR2 and
ERR3, in addition to the two known enolase genes,
ENOI and ENO2. The predicted amino acid
sequences of these three enolase-related regions
show 99-100% identity with each other and
approximately 67% identity with Enolp and Eno2p.
When similar amino acids are taken into account,
the ERR sequences are approximately 86% similar
to the enolase proteins, and all of the amino acids
crucial for enolase enzyme activity are conserved
(Figure 1), suggesting that these ERR gene products
have retained enolase enzymatic activity.

To test for this, we expressed the ERR2 and
ERR3 genes in E. coli and purified Err2p and Err3p
to at least 95% purity, as judged by SDS-PAGE
(data not shown), with yields of 40-50 mg/l culture.
Since ERRI and ERR? encode identical proteins, we
did not include ERRI in our studies. We then
compared the physical and kinetic properties of both
proteins to those of similarly prepared recombinant
yeast Enolp (Table 2). Enolp was chosen for the
comparison since it is the better-characterized yeast
enolase. All three proteins have the expected
molecular mass (Table 2), identical secondary
structure, as determined by circular dichroism
(Table 2, Figure 2), and the same quaternary struc-
ture, as judged by AUC sedimentation velocity
experiments (Figure 3). The variability in percent
o-helix between the three proteins is within the range
that we have observed with multiple measurements
on a single protein. When compared to Enolp,

Copyright © 2012 John Wiley & Sons, Ltd.

Table 2. Physical and kinetic properties of yeast enolase |
(Enolp) and enolase-repeat region gene products (Err2p,
Err3p)

Property Enolp Err2p Err3p
Mass, theoretical 46672 47196 4718I
Mass by ESI-MS 46673 47198 47184
Secondary structure

% Helix 41 45 43

% Sheet 15 15 17
T 55.5 60.5 60
Kear s~ 714405 19.7+0.2 19.4+0.3
K (PGA), pM* 32054089 4482+ 1.5 58.56 +2.95
K (Mg2+), LM 493 +4.8 66.6 +9.4 653+73
K; (Mg2+), mM*F 2.1+ 1 0.327 +£0.074 0.695+0.20

#K and K, (PGA) determined from v vs [PGA], at 0.5 mMMg*"; value
of K is calculated in terms of active sites, i.e. the concentration of
monomers in the assays.

*#(inetic constants for Mg?" determined from v vs [Mg? "] at | mM PGA.

CD, mdeg
o

180 200 220 240 260 280
wavelength, nm

Figure 2. CD spectra of the three proteins. Each protein
was suspended at a concentration of [4puM in TME-SO4
buffer; spectra were recorded and the data treated as
described in Materials and methods

Err2p and Err3p are 4-5°C more stable towards tem-
perature denaturation (Table 2). In experiments using
sodium perchlorate to dissociate active enolase into
inactive monomers (Zhao et al., 2008), both ERR
proteins were more stable (Kg=1-5 X 10°) than
Enolp (K4=71.4 x 107).

All three enzymes followed Michaelis—Menten
kinetics for increasing 2-phosphoglycerate (PGA)
concentrations and the K, and K., values deter-
mined under these conditions for all three enzymes
differ by less than four-fold (Table 2). As has been
shown previously for Enolp (Faller et al., 1977),
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Figure 3. Sedimentation velocity data for the comparison
of quaternary structure. Sample preparation, centrifugation
and data analysis were performed as described in Materials
and methods

all three enzymes were activated by low concen-
trations of Mg®* and then inhibited at higher
concentrations of Mg®*. To illustrate the effect of
increasing Mg?* concentration on enzyme activity,
the kinetic data for Err2p are shown (Figure 4).
Similar observations were made with the other
two enzymes (data not shown). Relative to Enolp,
both Err proteins have higher K, and K; values
for Mg?*. Taken together, the circular dichroism,
analytical ultracentrifuge, temperature denaturation,
sodium perchlorate dissociation and enzyme kinetics
data indicate that ERR2 and ERR3 code for proteins
that are similar to yeast Enolp in both physical and
kinetic properties.

To test whether proteins produced from the ERR
genes could function in vivo, we performed plasmid
shuffling into an enoleno2 double-null strain
bearing a plasmid-borne copy of the ENO2 gene
(enoleno2 +pE2). When this double-null strain
was co-transformed with the TRP-bearing plasmid
pG145-3 or derivatives of this plasmid containing
ERR2, ERR3, ENOI or ENO?2 controlled by the
glyceraldehyde-3-phosphate dehydrogenase (TDH3)
promoter, grown on YPD and then replica-plated to
medium with or without FOA, the strain bearing
empty pG145-3 vector was unable to grow in the
presence of FOA (Figure 5), indicating that the
enoleno2 double-null strain is not viable in glucose-
containing medium. In contrast, cells containing
pG145-3 derivatives bearing ENOI, ENO2, ERR2
or ERR3 were able to grow on FOA medium,
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Figure 4. Kinetic data for Err2p. gA) Rate was measured as
a function of [PGA], with [Mg*] constant at 0.5mM;
[Err2p] =4.2 x 1078 M. Data were fitted to the Michaelis—
Menten equation (see Materials and methods) and the
calculated K;,, for PGA and K, are rePor'ted in Table 2. (B)
Rate was measured as a function of [Mg" ], with PGA constant
at | mM; [Err2p] =85 x 10°®M. Data were fitted to the
equation for modified substrate inhibition (see Materials and
methods) and the K., and K; for Mg?* are reported in Table 2

indicating that the Err proteins complemented the
growth defect of the double-null strain. We com-
pared growth rates of the enoleno2 double-null
strain transformed with plasmids carrying ENOI,
ENO2, ERR2 or ERR3 expressed from the TDH3
promoter to cells expressing ENOI or ENO2 under
the control of their own promoters on glucose
or galactose media (Figure 5). As reported by Entelis
et al. (2006), the growth defect of the enoleno2 dou-
ble-null strain on YPD medium was complemented
by either ENOI (+pE1l) or ENO2 (+pE2) under the
control of its own promoter on a low copy number
plasmid (Figure 5). Cells expressing either ERR2 or
ERR3 from the TDH3 promoter grew more slowly
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(A)

-FOA

+FOA

(B)

W303-1B
ENOI
ENO2
ERR2
ERR3
enol eno?
+pEl
+pE2

Figure 5. Growth characteristics of transformants bearing
plasmid-borne enolase and enolase-related genes. (A) Plasmid
shuffling by 5-FOA selection. An enoleno2 double-null strain
bearing a plasmid containing ENOI and URA3 genes was
transformed with a second plasmid bearing only the TRP/ gene
(vector) or the TRPI gene and enolase (ENO/, ENO2) or
enolase-related genes (ERR2, ERR3) expressed from the
TDH3 promoter. The ability of two independent transformants
to grow on synthetic medium, with or without 5-FOA, was
assessed by replica-plating and incubation at 30 °C for 4 days.
(B) Comparison of growth rates on different carbon sources.
An enoleno2 double-null strain containing plasmid-borne
enolase or enolase-related genes expressed from the TDH3
promoter (ENOI, ENO2, ERR2, ERR3) or from their native
promoters (ENO! or ENO2, designated+pEl and+pE2,
respectively) was grown to logarithmic phase in SC-trp med-
ium. Equivalent numbers of cells were diluted serially,
spotted on medium containing either glucose (YPD) or
galactose (YPG) and incubated at 30°C for 2 or 3days,
respectively. Cells expressing both wild-type chromosomal
ENOI and ENO2 genes and bearing the TRP/-containing
vector alone (W303-1B) and recipient cells lacking plasmids
(enoleno2) were also diluted and spotted

than cells expressing ENOI or ENO2 from either
the native or TDH3 promoter. This latter observa-
tion was supported by growth curves for the same
cells from liquid cultures with glucose as the car-
bon source (2-2.5 h doubling times were observed
for cells expressing ENOI or ENO2, while 3—
3.5h doubling times were observed for cells
expressing ERR2 and ERR3, respectively). Again

Copyright © 2012 John Wiley & Sons, Ltd.

in good agreement with what had been reported
by Entelis et al. (2006), the enoleno2 double-null
strain was able to grow using galactose as a carbon
source (Figure 5). Moreover, all cells carrying plas-
mid-borne enolase or enolase-related genes showed
growth on galactose medium (Figure 5).

When plasmids containing ENO!, ERR2 or ERR3
under the control of the glyceraldehyde-3-phosphate
dehydrogenase promoter (TDH3) were expressed in
a yeast strain lacking both ENOI and ENO2, the
specific activities of the crude extracts of ERR2- or
ERR3-carrying cells were 24% and 31%, respec-
tively, of the values obtained for the strain carrying
ENOI. This is in good agreement with the data for
the purified proteins (K, of Err2p or Err3p is about
30% that of Enolp; Table 2) and suggests that the
concentration of Err2p or Err3p or Enolp is similar
in these overexpressing strains. The most straight-
forward explanation for this is that all proteins are
expressed equally well from the TDH3 promoter
and that Err2p, Err3p and Enolp have similar
stabilities in the cell. The specific activity of enolase
(1.14 pM/min/mg protein) in a crude extract from an
eno2-null strain carrying only the chromosomal
copy of the ENOI gene was similar to that of the
strains overexpressing ERR2 (1.02 uM/min/mg
protein) or ERR3 (1.58 uM/min/mg protein), indicating
that the overexpression of ERR2 or ERR3 compensates
for the reduced specific activity of Err2p or Err3p,
such that all of these cells have the same amount of
‘enolase activity’ for glycolysis and gluconeogenesis.

To assess whether other yeasts contain these
enolase-related type genes, we searched the
completed yeast genome sequences accessible
through the Génolevures genome browser
(http://www.genolevures.org/yeastgenomes.html)
for enolase-encoding sequences. None of the other
yeast species have as many enolase-type genes as
S. cerevisiae. Debaryomyces hansenii had the next
largest number of enolase-type sequences, two
encoding complete ORFs and another containing a
truncated ORF. Candida glabrata and Pichia
sorbitophila both contained two enolase-type genes,
while Zygosaccharomyces rouxii, Kluyveromyces
thermotolerans, S. kluyveri, Ashbya gossypii and
Yarrowia lipolytica each contained a single enolase-
type gene. All three methods of phylogenetic
analyses employed resulted in similar phylogenetic
tree topologies with the exception of the relative
positions of A. gossypii Enolp, S. kluyveri Enolp
and D. hansenii Enolp, which varied among trees
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(see Supporting information, Figure S1). The
relatedness among these gene products is shown
in a distance-based UPGMA tree (Figure 6), and
the pairwise distances are given in Table S1 (see
Supporting information). With the exception of
the Z. rouxii and K. thermotolerans proteins, the
protein sequences clustered into four major groups.
One group comprised Enolp of A. gossypii, K. lactis
and S. kluyveri, while another closely related group
comprised Eno2p of C. glabrata and Enolp and
Eno2p of S. cerevisiae. The third group consisted
of Eno2p of D. hansenii and EnoEp and EnoFp of
P. sorbitophila, while the fourth group consisted of
Enolp of D. hansenii, Y. lipolytica and C. glabrata
and Err2p and Err3p of S. cerevisiae. Saccharomyces
Enolp and Eno2p clustered tightly but separately
from the also tightly-clustered Err2p and Err3p.
The resulting phylogenetic tree topologies and high
bootstrap values (> 95%) strongly suggest that the

S. cerevisiae Err2p

C. glabrata Eno1p

D. hansenii Eno1p

K. thermotolerans Eno1p

C. glabrata Eno2p

S. cerevisiae Enoip

8. cerevisiae Eno2p

A. gossypii Enolp

K. lactis Eno1p

M. J. Kornblatt et al.

closest relative of S. cerevisiae Err2p and Ert3p is
Enolp of C. glabrata, whereas Enolp and Eno2p
of S. cerevisiae are closely related to Eno2p of C.
glabrata.

Discussion

Enolase is a key enzyme catalysing one of the steps
in the conserved central metabolic pathways of
glycolysis and gluconeogenesis. In Saccharomyces
cerevisiae there are two genes that code for enolases
and both have been shown to catalyse the reversible
interconversion of 2-phosphoglycerate to phos-
phoenolpyruvate. In addition, three enolase-related
regions have been identified in the Saccharomyces
cerevisiae genome, which could potentially encode
functional enolases. In fact, of all of the amino acids

S. cerevisiae Err3p

Y. lipolytica Eno1p

D. hansenii Eno2p

P. sorbitophila EnoEp

P. sorbitophila EnoFp
Z. rouxii Enol1p

S. kluyveri Eno1p

Figure 6. The unrooted, unweighted pair-group method with arithmetic mean (UPGMA) phylogenetic tree, based on
pairwise distances of amino acid sequences of enolase and enolase-related gene products from Saccharomyces cerevisiae,
Debaryomyces hansenii, Candida glabrata, Pichia sorbitophila, Zygosaccharomyces rouxii, Kluyveromyces thermotolerans, Saccharomyces
kluyveri, Ashbya gossypii and Yarrowia lipolytica. If the gene coding for the protein had been annotated, the available annotation was
used. If an organism had a single sequence similar to enolase that had not been annotated as an enolase, it was arbitrarily coded as
Enol p. In Pichia sorbitophila, where two genes are present, the coding indicates the chromosome (E or F) on which the gene was
found. The numbers within brackets indicate the bootstrap values (> 50%), based on parsimony analyses of 1000 replicates
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that have been identified as important for enolase
enzyme activity by mutagenesis, crystallography or
computational analysis, there is only one residue,
glutamate 251, that is not conserved (Figure 1). This
residue has been implicated in the mechanism based
on computational analysis (Liu et al., 2000), and is
represented by valine in Err2p and Err3p. The amino
acids that are conserved include those that bind the
substrate and both molecules of the required
divalent cation (Larsen et al., 1996; Wedekind
et al., 1995; Zhang et al., 1994), those directly
implicated in catalysis (Poyner et al., 1996) and
those proposed, on the basis of computational
analysis (Liu et al., 2000), to stabilize one or the
other of the two transition states. In addition,
residues that have been described as forming salt
links or hydrogen bonds between the two subunits
(Stec and Lebioda, 1990) are also completely
conserved. Given this level of conservation at the
amino acid level, including those amino acids
involved both in structure and function, we expected
that Err2p and Err3p would show characteristics of
enolases. This expectation was proven correct for
all parameters investigated. The molecular masses
of all three proteins were as predicted (Table 2)
and the secondary structures of all three proteins,
as determined by circular dichroism, were the same.
All three proteins showed about 15% f-sheet and
about 43% o-helical character (Table 2). This is in
good agreement with the known crystal structure
of Enolp (Stec and Lebioda, 1990) and the charac-
teristics of other known enolases (Kang et al,
2008; Chai et al., 2004; Kihnel and Luisi, 2001;
Duquerroy et al., 1995; da Silva Giotto et al.,
2003). Moreover, Err2p and Err3p have dimeric
quaternary structure, as determined by analytical
ultracentrifugation (Figure 3). Enolp, which is
known to exist primarily as a dimer (Brewer and
Weber, 1968), has a sedimentation coefficient of
6.01, while Err2p and Err3p have sedimentation
coefficients of 6.15 and 6.16, respectively, indicating
that they are dimeric. For each protein, the dimeric
species accounts for 80-86% of the total protein,
while smaller amounts of monomer (559, of ~3)
and trace amounts of larger oligomeric forms also
are present. Taken together, these data demonstrate
that Err2p and Err3p fold with secondary structures
characteristic of Enolp and assume the typical
dimeric quaternary structure of native yeast enolase
(Enolp). The only difference in physical properties
that we have observed is that Err2p and Err3p
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show, relative to Enolp, an increased temperature
stability and resistance to dissociation by sodium
perchlorate. Column chromatographic separation
of the recombinant proteins showed that Err2p or
Err3p eluted at a salt concentration similar to that
reported (McAlister and Holland, 1982) for elution
of Eno2p. This co-elution profile may explain why
the Err proteins were not detected previously.
Given that Err2p and Err3p show a higher order
structure similar to Enolp and possess all of the
amino acids shown to be required for enzyme
activity, it was not surprising that the Kkinetic
behaviours of Err2p and Err3p were similar to that
of Enolp (Table 2). All three enzymes catalyse the
conversion of PGA into PEP with similar kinetic
constants, including the values of K.,. The small
differences in kinetic values likely reflect subtle
differences at the active site. A comparison of the
X-ray structures of Enolp, with and without
substrates or analogues bound (Zhang et al., 1994;
Wedekind er al., 1994), revealed the existence
of three mobile loops that change position upon
binding of substrate and Mg>*. Loops 1 (amino
acids 3741 in the Enolp sequence, underlined in
Figure 1) and 2 (amino acids 155-165 in the Enolp
sequence, underlined in Figure 1), which have been
implicated in the mechanism, are completely con-
served in their primary sequence between Err2p,
Err3p and Enolp. The third loop (amino acids
247-284 in Enolp, underlined in Figure 1), which
moves with the first two, perhaps to maintain van
der Waals contacts in the core of the protein
(Wedekind et al., 1994), shows six, non-conserved
substitutions in Err2p and Err3p, including the
introduction of three prolines. It will be interesting
to explore whether these changes in the sequence
of loop three are involved in the altered kinetic
properties of Err2p and Err3p, as compared to Enolp.
The amino acids of the subunit interface in
Enolp are conserved in Er2p and Err3p, except
for two positions; alanine at position 203 of Enolp
is proline in Err2p and Err3p, and proline at
position 400 of Enolp is leucine in the Err proteins.
While residue 203 is at the edge of the interface and
may not contribute significantly to the subunit
interactions, proline 400 is on a loop that contains
two residues, 402 and 403, that make hydrogen
bonds with the other subunit. Changing a proline
to leucine could change the conformation of this
loop and might account for the stronger subunit
interactions, as reflected in the K values.
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Overall, the majority of amino acids required to
define the structure and function of enolase have
been retained in Err2p and Err3p and, as a result of
this, the Err2p and Err3p proteins show structural
and enzymatic characteristics typical of enolases.
Moreover, the ERR genes complemented the
growth defect in enoleno2 double-null cells grown
on glucose (Figure 5), suggesting that all or some
of the functions of Enolp and Eno2p can be
replaced by Err2p or Err3p. The specific activity of
enolase in crude extracts of strains carrying the
plasmids overexpressing ERR2 or ERR3 was similar
to that of cells expressing only the chromosomal
copy of ENOI; however, the cells bearing the ERR
genes grew less well. This may suggest that
these enzymes are not carrying out the glycolytic/
gluconeogenic reaction as efficiently as the native
enzyme in vivo, or perhaps that there are other
activities of enolase, in addition to glycolysis and
gluconeogenesis, that these enzymes cannot perform.
The fact that these ERR genes actually do function in
glycolysis in Saccharomyces cerevisiae may help to
explain the observation that the enoleno2 double-
null strain (Entelis et al., 2006) can grow using
galactose (Figure 5). This may be the result of the
complex regulation of the enzymes of central
metabolism and differences in that regulation that
depend on the carbon source being used. A classic
example of this is the Crabtree effect, i.e. the
occurrence of alcoholic fermentation under aerobic
conditions when glucose is abundant. In this case
the pyruvate produced via glycolysis is channelled
into ethanol production, rather than to acetyl-CoA
and the tricarboxylic acid (TCA) cycle. One
possible explanation for our observations is that
the enoleno2 double-null cells express low levels
of enolase from the ERR genes. In the context of the
repression of the ERR genes (Lipson et al., 2009)
and the reduction in TCA cycle enzymes (Costenoble
et al., 2011) when cells are grown on glucose as
compared to galactose, the level of enolase activity
is not sufficient to support growth of the enoleno2
double-null strain, as most ATP is produced via
glycolysis. In contrast, on galactose sufficient ATP
is being produced via glycolysis and the TCA cycle
to support growth.

The presence of multiple ENO and ERR genes
in Saccharomyces cerevisiae could be attributable
to a whole-genome duplication and/or gene
duplication events. Wolfe and Shields (1997) suggest
that Saccharomyces cerevisiae ENO genes are the

Copyright © 2012 John Wiley & Sons, Ltd.
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result of a genome duplication event. The clustering
of Enolp and Eno2p of S. cerevisiae with C.
glabrata Eno2p in a group distinct from the cluster
which comprises Enolp of C. glabrata, and Err2p
and Err3p of S. cerevisiae, suggests that these two
groups may have diverged after the initial genome
duplication that is common to both of these yeasts
(Dujon et al., 2004). Furthermore, the close amino
acid sequence similarity between Enolp and
Eno2p, and also between ERRI, ERR2 and ERR3
of S. cerevisiae, suggests that these genes may
have originated through gene duplication events
following the genome duplication. Thus, we
suggest that an initial ENO gene was duplicated
through the original genome duplication and
further duplicated and diverged, giving rise to
multiple, closely-related ENO and ERR genes.
We suggest that the highly similar ENO/ and
ENO?2 genes in S. cerevisiae arose from a gene
duplication event in S. cerevisiae after the diver-
gence of S. cerevisiae and C. glabrata. Moreover,
after the original ERR gene had diverged from the
ENO gene, it underwent at least two duplications,
such that three copies of the ERR genes are now
present in S. cerevisiae. ERRI and ERR2 are
contained in subtelomeric repeats that also contain
the genes PAU21 and PAU22, respectively. In fact,
the gene order in each is conserved as PAU2I-
ERRI-HSP33-FDHI and PAU22-ERR2-HSP32—
FDH?2, respectively. It has been suggested that
subtelomeric regions of chromosomes serve as a
place for maintaining gene families that serve
adaptive purposes (Fabre et al., 2005), and that
enhanced rates of recombination and duplication
within these regions lead to functional divergence
that allows adaptation to new environments (Brown
et al., 2010). If we accept the fact that subtelomeric
regions have been evolving at a higher rate than the
rest of the genome (Kellis e al., 2003), then the
ERR genes have diverged from one another quite
recently, or their sequence has been maintained for
a specific role.

Pryde et al. (1995) first proposed that the conser-
vation of ERR gene sequence suggests a selective
pressure to maintain the function of the Err
proteins. Fabre et al. (2005) have suggested that
brewing or baking strains of yeast have specifically
maintained gene families in subtelomeric regions
of chromosomes because of positive selection.
Again, this may suggest some roles for the ERR
genes which have been lost in the closely related
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Saccharomyces sensu stricto yeast S. bayanus that
was not subjected to the same environmental
pressures (Pryde et al., 1995). Interestingly,
although based on Southern hybridization data,
Pryde et al. (1995) indicated a lack of ERR-like
sequences in S. paradoxus, the yeast most closely
related to S. cerevisiae, recent sequence data have
revealed a single ERR-like gene in this yeast (Liti
et al., 2009). What function, if any, these ERR
genes carry out is still not clear. Wolfe and Shields
(1997) note that the most striking physiological
difference between Saccharomyces and other
yeasts is its ability to ferment sugars vigorously
under anaerobic conditions, producing ethanol,
and we have shown here that the ERR gene
products could function in glycolysis as part of
the fermentative pathway.

Gene duplication and subsequent divergence is
considered as one of the main forces behind the evo-
lution of proteins with novel functions (Ohno, 1970).
Of the four possible outcomes of gene duplication
events described by Louis (2007), the one that
seems most applicable here is that the two
copies of the gene diverge such that they not
only maintain the ability to complement each
other but also take on non-overlapping functions,
such as altered or expanded substrate specificity
(Aharoni et al., 2005; Brown et al., 2010). This
may be the case both between the Saccharomyces
cerevisiae ENO genes and among the ENO and
ERR genes. Both Enolp and Eno2p can catalyse
the glycolytic activity of enolase proteins, but Eno2p
seems to be favoured for non-glycolytic functions of
enolase, such as tRNA import into mitochondria
(Entelis et al., 2006) and vacuole formation (Decker
and Wickner, 2006). Here, we have shown that the
ERR gene products also can carry out the glycolytic
activity of enolases both in vitro and in vivo,
although perhaps slightly less efficiently (based on
both specific activities and growth on glucose), but
we have not explored other possible functions of
these proteins. If we look at the distribution of
non-conserved residues in the Err proteins compared
to the Eno proteins, we find the majority on the
surface of the protein. These surface amino acids
would be available to interact with other proteins.
We know that enolase has functions in yeast not
linked directly to glycolysis or gluconeogenesis that
probably involve interactions with other proteins.
These changes on the surface of the proteins may
impair the ability of Err2 or Err3p to fulfil some of

Copyright © 2012 John Wiley & Sons, Ltd.

the other functions of Enolp or Eno2p. On the other
hand, they may contribute to some as-yet unknown
functions of the ERR proteins. Dissecting the roles
of individual ERR genes will require further experi-
ments, including the construction of individual ERR
null strains in the enolase double-null background.
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