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Enolase (EC 4.2.1.11) is an enzyme of the glycolytic pathway catalyzing the dehydratation reac-
tion of 2-phosphoglycerate. In vertebrates the enzyme exists in three isoforms: a, p and y. The
amino-acid and nucleotide sequences deposited in the GenBank and SwissProt databases were
subjected to analysis using the following bioinformatic programs: ClustalX, GeneDoc, MEGA2
and S.I.E.T. (sort intolerant from tolerant). Phylogenetic trees of enolases created with the use of
the MEGA2 program show evolutionary relationships and functional diversity of the three iso-
forms of enolase in vertebrates. On the basis of calculations and the phylogenetic trees it can
be concluded that vertebrate enolase has evolved according to the “birth and death” model of
evolution. An analysis of amino acid sequences of enolases: non-neuronal (NNE), neuron specific
(NSE) and muscle specific (MSE) using the S.LE.T. program indicated non-uniform number of
possible substitutions. Tolerated substitutions occur most frequently in a-enolase, while the low-
est number of substitutions has accumulated in y-enolase, which may suggest that it is the most
recently evolved isoenzyme of enolase in vertebrates.

Keywords: glycolysis, enolase, vertebrates evolution, gene duplication, concerted evolution, “birth and death” evolution

Enolase (EC 4.2.1.11) is an enzyme catalyz-
ing the reversible conversion of 2-phosphoglycerate
into phosphoenolpyruvate in the presence of Mg?
ions. Our team has been investigating glycolytic en-
zymes, particularly enolase, for many years. Enola-
se in crystalline form was obtained for the first time
from human muscles by Baranowski and coworkers
in 1968 in the Department of Medical Biochemis-
try, Wroctaw Medical University (Baranowski et al.,
1968; Baranowski & Wolna, 1975). Our research has
led to the extraction of enolase from various sources
(Pietkiewicz et al., 1983; Kustrzeba-Wdjcicka & Gol-
czak, 2000). For some of them nucleotide and amino
acid sequences have been derived (Nowak et al.,
1981). The enzyme can be found from archaebacte-
ria to mammals, and is a member of a large super-
family comprising among others carboxyphospho-
noenolpyruvate synthase (Babbit et al., 1996; Pegg &
Babbit, 1999).

In vertebrates have been identified three
tissue-specific isoenzymes: non-neuronal enolase
(NNE, «), neuron-specific enolase (NSE, y) and
muscle-specific enolase (MSE, ) (Rider & Taylor,
1975). Biochemical research of enolases has practical

applications in cancer and allergy diagnostics (Nit-
ter-Marszalska et al., 1998).

Phylogenetic analysis of enolases and related
gene sequences points to early gene duplication. In
vertebrates two duplication events took place, lead-
ing to the formation of three enolase isoenzymes
(Tracy & Hedges, 2000).

The “driving force” of evolution are changes
of genes such as: nucleotide substitutions, inser-
tions, deletions and conversions; all of these chang-
es lead to mutations of gene or DNA sequences. If
the amino acid remains unchanged the substitution
is called synonymous or silent. A nonsynonymous
substitution leads to a change of the encoded amino
acid. The vast majority of synonymous substitutions
are in the third nucleotide in a codon, rarely in the
first position (Nei & Kumar, 2000).

How did the genes encoding enolase evolve?
The theory of concerted evolution assumes that indi-
vidual members of a gene family evolve as a group.
Concerted evolution leads to a high sequence iden-
tity of many copies of a gene within a species and
not between species. Intraspecific homogenization,
characteristic for this model of evolution, is a result

+Appendix — available at: www.actabp.pl

Abbreviations: MSE (3), muscle-specific enolase; NNE (at), non-neuronal enolase; NSE (y) neuron-specific enolase.
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of recombinant repair of DNA, non-uniform cross-
ing-over or genetic conversion.

It has to be taken into account that the similar-
ity of sequences in a given species does not have to
be caused by active homogenization but may be an
effect of gene amplification or transposition. If there
is no sequence homogenization among members of
a gene family, it should not be expected that they
would build a monophyletic group. Some members
of such a family might even link up on a phyloge-
netic tree with sequences of other species. Multigene
families may “escape” from concerted evolution and
evolve in a different way. These genes do not neces-
sarily evolve in concerted fashion and may undergo
“birth and death” evolution (Liao, 1999).

In the “birth and death” model of evolution a
repeated duplication of a gene is responsible for the
formation of a new gene. According to this model
some genes remain in the genome for a long period,
while others are removed or become nonfunctional
(Nei et al., 1997).

The goal of this work was to investigate
the possible pathway of enolase evolution and the
changes in the structure of vertebrate isoenzymes of
enolase. For this purpose phylogenetic trees of avail-
able enolase protein sequences and of the coding
fragments of nucleotide sequences were generated.
The obtained comparisons of amino-acid sequences
were subjected to analysis in order to distinguish
more and less conserved regions in the enolase mol-
ecule. Finally, tolerated and non-tolerated substitu-
tions in mammalian isoenzymes of enolase were

identified.

MATERIALS AND METHODS

Amino-acid and nucleotide sequences of enolas-
es from numerous species representing most taxonomic
groups were the subject of analysis. A detailed list of
the sequences together with their accession numbers
can be found in the Appendix. The sequences were
labeled by appropriate species names. The amino-acid
and nucleotide sequences used for the analysis come
from the GenBank and SwissProt databases.

The amino-acid and nucleotide sequences writ-
ten in the FASTA format were aligned using CLUS-
TAL_X v1.83 program (Thompson et al., 1997). Align-
ment of the sequences was conducted according to
the default program configuration. The obtained
comparisons were saved as *.msf files (accepted by
the GeneDoc program). Some of the alignments, es-
pecially those of nucleotide sequences, contained
poorly aligned regions. Edition of alignments us-
ing GeneDoc tools (Nicholas & Nicholas, 1997)' was

conducted to exclude areas of poor reliability and to
remove unnecessary gaps.

The MEGA2 program (Kumar et al., 2001)
was used to construct phylogenetic trees of the stud-
ied amino-acid and nucleotide sequences. The trees
were constructed using the neighbor-joining method
(Saitou & Nei, 1987). In the case of the amino acid
tree a Poisson correction was applied. The nucle-
otide sequence tree was computed using p-distance
and complete deletion options. Bootstrap probability
(2000 replications) was introduced to assess the sta-
tistical significance of groups in phylogenetic trees.
The program was also employed for calculation of
the Pg (synonymous nucleotide differences to syn-
onymous sites) to Py (non-synonymous nucleotide
differences to non-synonymous sites) ratio for the
isoforms of enolase from the selected species of ver-
tebrates. The calculations were conducted using the
Nei-Gojobori method.

S.IE.T. tools (sort intolerant from tolerant)
were applied to classify as tolerated or deleterious
the substitutions occurring in enolases. S.IF.T. ana-
lyzes amino-acid sequences in a more precise way
than so called matrices, for example BLOSUMS62,
calculating substitutions. S.I.F.T. checks comparisons
of amino-acid sequences in the *.msf format. The
program conducts numerous comparisons of loaded
amino-acid sequences and subsequently calculates
the probability of all possible substitutions for each
amino-acid residue (Ng & Henikoff, 2001).

RESULTS
Comparisons of amino-acid sequences

The Appendix* presents a comparison of ami-
no-acid sequences of the studied enolases. The se-
quences are between 366 (Archaeoglobus fulgidus) and
456 (Mycoplasma pneumoniae) amino acid residues
in length. Cysteine is a relatively rarely occurring
amino acid and is entirely absent in enolases from
Candida albicans and A. pernix. A total absence of
tryptophan is characteristic for enolase from Meth-
anococcus jannaschii.

Enolases have a two-domain structure. The
N-terminal domain extends from amino acid 1 to
approximately 134, further lies the longer C-terminal
domain, adopting a p structure (residues approxi-
mately from 143 to 434). Between these domains
there is a short fragment with random structure.

Pairways similarities of amino-acid sequences
of analyzed enolases comprise a broad range from
22% (Pseudomonas putida — A. fulgidus) to 99% (Mus
sp. Y — Rattus norvegicus v).

!Nicholas KB, Nicholas Jr HB (1997) GeneDoc: a tool for editing and annotating multiple sequence alignments. Distrib-

uted by the authors.
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Table 1. Percent similarity between enolase sequences.

1 2 3 4 5 6 7 8 9 10

1 -

2 22 -

3 23 50 -

4 24 49 84 -

5 24 47 75 78 -

6 25 47 73 76 85 -

7 26 47 73 74 81 80 -

8 25 49 75 78 83 83 8 -

9 25 49 75 77 8 8 8 99 -

10 25 45 72 73 77 82 82 84 84 -

1, Psudomonas putida (almond acid racemase); 2, Arechaeoglobus
fulgidus; 3, Aeropyrum alternate; 4, Saccharomyces cerevisiae; 5, Dro-
sophila melanogaster; 6, H. gammarus; 7, Gallus gallus; 8, Mus sp. v;
9, Rattus norvegicus y; 10, Homo sapiens «.

The similarity of selected sequences is pre-
sented in Table 1.

The N- and C-terminal regions exhibit vari-
ous degrees of conservation in particular taxonomic
groups. In fungal sequences the similarity in both
domains is around 57%. In vertebrates the N-termi-
nal region is more variable than the C-terminal do-
main, the conservation of which is 68%. In the case
of amino-acid sequences derived from enolases from
plants the situation is similar. The evolutionary sta-
bility of the C-terminal region is higher (70%) than
of the N-terminal domain (65%).

In both these domains there exist regions
which are much less susceptible to changes i.e.,
showing high conservation. In the N-terminal do-
main a fragment with the sequence Asp-Ser-Arg-
Gly-Asn-Pro-Thr-Val-Glu (approx. from residue 15
to 23), which can be found in this or slightly altered
form in most of the studied enolases, is one such
region. Among the exceptions are enolases from A.
fulgidus, Drosophila pseudoobscura, Drosophila subob-
scura, Chlamydomonas reinhardtii and P. putida. An-
other highly stable region in the N-terminal domain
— Pro-Ser-Gly-Ala-Ser-Thr-Gly (residues approx.
from 36 to 43) — is absent only from enolases from
C. reinhardtii and P. putida. Exclusively in enolases
from Viridiplantae, Pseudomonas falciparum and Toxo-
plasma gondii the Glu-Trp-Gly-Trp-Cys-Lys insert is
present.

The N-terminal domain ends with highly non-
variable elements Ile-Asp-Gly-Thr and Gly-Ala-Asn-
Ala-Ile-Leu-Gly-Val-Ser-Leu-Ala-Val, which are ab-
sent only in the enolase from P. putida. The C-termi-
nal region starts with the weakly variable fragment
Leu-Pro-Val-Pro (residues from approx. 146 to 149),
absent only from P. putida. The C-terminal domain,
(approx. 290 amino-acid residues), is relatively rich
in conservative elements, such as Gly-Asp-Glu-Gly-
Gly-Phe-Ala-Pro, Val/Leu-Ser-His-Arg, and Gly-GIn-
Ile-Lys-Thr, divided by highly variable fragments.

Evolution of enolase

Figure 1 presents a phylogenetic tree of eno-
lase amino-acid sequences. The tree was constructed
using the neighbor-joining (NJ) method because of
the considerable number of sequences (77) and their
substantial length. The phylogenetic tree besides the
evolutionary relationships, reveals the evident differ-
entiation of particular variants of vertebrate enolases
(o, B, v) due to their different functions. The par-
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Figure 1. Phylogenetic tree of amino-acid sequences of
enolases.

Neighbor-joining method (NJ]) using Poisson correction.
Numbers indicate bootstrap values (>50%).
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Figure 2. Phylogenetic tree of nucleotide sequences of
selected enolases.

Neighbor joining (NJ) method using p-distance and com-
plete deletion. Numbers indicate bootstrap values (>50%).

ticular isoforms of vertebrate enolases form mono-
phyletic branches in the tree.

The most ancestral amino-acid structure, from
which the further branches of the tree are derived,
was found in P. putida. Figure 1 demonstrates the
tendency of particular classes of enolases to cluster
into separate tree branches. This is not governed by
a strict rule, however. Enolases from Ureaplasma ure-
alyticum, M. genitalium and M. pneumoniae do not as-
semble with other Eubacterial but with Archaebacte-
rial enolases. Vertebrate enolases form a big cluster,
characterized by greater intraspecific than interspe-

Mus_a

R.norv_a
H.sap_a :
SIFT CONSENSUS:

Mus_a

R.norv_a

H.sap a :
SIFT CONSENSUS:

* 320 *

Mus_a

E.norv_a

H.sap a :
SIFT CONSENSUS:

SFREAMRIGA

cies similarity, manifested as separate monophyletic
branches for three different enolase isoforms: non-
neuronal (NNE, «), muscle-specific (MSE, ), and
neuron-specific (NSE, v).

Figure 2 presents a phylogenetic tree of se-
lected nucleotide sequences of enolases. This tree
seems to confirm the general tendencies in enolase
evolution, with several exceptions. It has to be noted
that the gene of P. falciparum — a representative of
Protista — assembles on the tree with fungal genes;
there is no such situation on the amino-acid se-
quences tree. The second difference concerns the re-
lationships between the isoforms of vertebrate eno-
lases. According to the generated tree of nucleotide
sequences, the gene encoding NSE might be evolu-
tionarily the most recent. However, one must bear in
mind that the topology derived from nucleotide se-
quences is not very reliable because of the high level
of saturation. Because of that only first and second
codon positions were used to compute this tree.

Prediction of possible amino-acid substitutions
(S.LE.T.)

Figures 3 to 5 show variable substitution sites
in three mammalian enolase isoenzymes. a-Eno-
lase, which collected 33 possible substitution sites,
nine of which are in the N-terminal domain and 24
in the C-terminal one, is the most variable (Fig. 3).
The distribution of substitutions is irregular, in the
C-terminal domain the lowest number of substitu-
tions is possible in the flanking region. In mamma-
lian -enolases the number of tolerated substitution

VYHNLEN

340 *

VMVSHRSGE
L. !

Figure 3. Tolerated amino acid substitutions in mammalian a-enolases.

The exclamation marks indicate the sites of tolerated substitutions.
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Figure 4. Tolerated amino-acid substitutions in mammalian B-enolases.
The exclamation marks indicate the sites of tolerated substitutions.

sites is lower — 25 (10 in the N-terminal and 15 in
the C-terminal region). They are the most abundant
in the 176-183 area (Fig. 4). y-Enolases accumulated
the lowest number of substitutions among the three
classes of mammalian enolases. In their molecules
only 11 sites of tolerated substitutions are present,
six of which lie in the N-terminal domain (Fig. 5).
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Figure 5. Tolerated amino-acid substitutions in mammalian y-enolases.

The exclamation marks indicate the sites of tolerated substitutions.

DISCUSSION

Amino-acid sequences

Enolase, an enzyme of the glycolytic pathway,
catalyzes the conversion of 2-phosphoglycerate into
phosphoenolpyruvate. It is present in all organisms

228
228
228

304
304
304

380
380
380
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and due to the significance of the process in which
it participates (glycolysis is an important step in the
process of ATP production) it has not been a subject
of profound changes. The conducted comparison of
amino-acid sequences, similarly as in earlier works
(Van Der Straeten et al., 1991; Stamm & Young, 1997;
Hannaert et al., 2000) demonstrated a high degree of
amino acid sequence conservation in enolases. The
sequence identity is high even for evolutionarily dis-
tant species, for example for A. fulgidus — H. sapiens
a sequences it is 45%. The differences between eno-
lase sequences from vertebrates and fungi are very
small.

The amino-acids critical for enzyme function
are situated in especially well conserved fragments
of the molecule. The active site histidine (His-157 in
vertebrates) is absent only in P. putida (mandelate
racemase). Equally stable are also the ligand binding
sites. Aspartic acid residues (Asp-244 and Asp-317
in vertebrates) and glutamic acid (Glu-292 in verte-
brates) are present in all analyzed enolases with the
exception of racemase from P. putida, in which there
is no equivalent to Asp-244 and in position 317 as-
paragine is present.

Evolution of enolase

Gene duplications are probably the main
source of new genes. Duplicated genes can undergo
differentiation and gain new functions, can become
inactive and remain in the genome as pseudogenes,
and also can preserve their primary role (Liao, 1999).
Duplications played an essential role in the case of
enolase evolution. Two successive duplications of
a single enolase gene resulted in the formation of
three paralog sequences. Earlier research (Rider &
Taylor, 1975) suggested that this event took place
200-300 million years ago, but according to recent
work (Tracy & Hedges, 2000) these three subtypes
probably arose 450 million years or earlier. The se-
quenced enolase isoenzymes are mostly mammalian
and avian, although the presence of isoforms in oth-
er phyla of vertebrates has been demonstrated (Segil
et al., 1988).

The model of evolution can be derived from
the number of synonymous and non-synonymous
differences per nucleotide in the sequences of the
analyzed genes. If we assume that gene conversion
or interlocus recombination has taken place then we
can expect that the number of synonymous differ-
ences within a species will be slightly higher than
the number of nonsynonymous differences, regard-
less of the occurrence of purifying selection (Piont-
kivska et al., 2002; Rooney et al., 2002).

Purifying selection determines the frequency
of particular codons encoding the same amino acid.

Codons that are not recognized by abundant isoac-
ceptor tRNA are removed by purifying selection,
because their participation in protein synthesis can
be considered insignificant. This is true in the case
of genes with high expression. In genes with an av-
erage level of expression the selection pressure is
low and various codons specific for a given amino-
acid participate in protein synthesis (Nei & Kumar,
2000). In the case of the “birth and death” model
more synonymous differences are expected because
of the divergence of genes due to silent nucleotide
substitutions (Rooney et al., 2002).

Which of the models reflects the evolution of
enolase better? Calculations were conducted for the
whole gene coding sequences of the three vertebrate
enolase isoenzymes. The number of synonymous dif-
ferences per nucleotide (P,) is in all enolase isofor-
ms higher than the number of nonsynonymous dif-
ferences (P). Although Ps/Pn ratio is 1.95 it seems
more probable that enolase genes evolved through
“birth and death” evolution. Such a conclusion can
be drawn from phylogenetic trees of amino-acid and
nucleotide sequences, as well as from the fact of
gene duplication event occurring in the past. From
phylogenetic trees it is evident that particular isoen-
zymes form monophyletic branches not within the
phyla but enzyme types, and hence on both trees
separate branches for NSE, NNE and MSE enolases
are present.

Tolerated substitutions in mammalian enolase

The studied enolase isoforms exhibit higher
interspecies (orthologic variants) than intraspecies
(paralogic variants) similarity. Analysis of the ami-
no-acid sequences with the SIFE.T. tool indicates
non-uniform distribution of the tolerated substitu-
tions. In the studied sequences of non-neuronal
(NNE) and muscle-specific (MSE) enolase most of
the tolerated substitutions are localized in the areas
of the C-terminal domain. A uniform distribution
of tolerated substitutions was found for y-enolase
(NSE). A molecule of NSE contains less positions in
which the substitutions are possible — it suggests
higher selective pressure of this isoform, but also
that it is relatively new in comparison to other types
of mammalian enolase. The active sites (His-157)
and ligand binding sites (Asp-244, Glu-292, Asp-317)
remain unchanged. Thiol groups may play a critical
role in glycolytic enzymes reactivity and function
(Banas et al., 1988). It is worth mentioning that the
a and 3 isoforms contain five cysteine residues (119,
337, 339, 357, 389 and 399) and y-enolase contains all
those mentioned above plus one additional Cys-270.
It might have important implications on structure
and function of this form.
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