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Structural and mechanistic studies of enolase
George H Reed, Russell R Poyner, Todd M Larsen, Joseph E
Wedekind* and Ivan Rayment
The high-resolution structure of yeast enolase cocrystallized
with its equilibrium mixture of substrate and product reveals
the stereochemistry of substrate/product binding and
therefore the groups responsible for acid/base catalysis
and stabilization of the enolate intermediate. Expression
and characterization of site-specific mutant forms of the
enzyme have confirmed the roles of amino acid side chains
in the catalysis of the first and second steps of the reaction.
Coordination of both required magnesium ions to the
carboxylate of the substrate/product indicates a role for these
cations in stabilization of the intermediate.
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Abbreviations
EPR
PEG
P-enolpyruvate
2-PGA
PhAH
TSP

electron paramagnetic resonance
polyethylene glycol
phosphoenolpyruvate
2-phospho-D-glycerate
phosphonoacetohydroxamate
tartronate semialdehyde phosphate

Introduction
Enolase catalyzes the reversible dehydration of 2-phosphoD-glycerate (2-PGA) to give P-enolpyruvate during glycolysis. The recent availability of high-resolution structural
data on enolase-substrate complexes makes it possible
to correlate structure with the enzymatic characteristics
of enolase and of various site-specific mutant forms of
this protein. This review will focus on developments

within the past year that pertain to the structure and
mechanism of enolase and which cover a small sampling
of the extensive work on enolasc. Readers are referred to
the references contained in the recent papers for a more
comprehensive view of enolase.

Background
Isotope-exchange studies suggest that enolase catalyzes
the [3-elimination reaction in a stepwise manner wherein
O H - is eliminated from C3 of a discrete carbanion
(enolate) intermediate [1,2]. This intermediate is created
by removal of the proton from C2 of 2-PGA by a base in
the active site. This stepwise model (Fig. 1) of the reaction
is also supported by other lines of investigation [3,4].
The C2 proton of 2-PGA has a pKa > 30 whereas enzymic
bases have pKas at least 20 pKa units lower. The catalytic
turnover of yeast enolase (80s -1) indicates that the ApKa
must be reduced substantially in the active site. Hence,
there is considerable interest in understanding the means
by which enolase accomplishes this difficult ionization
step. The second step in the reaction, elimination of
O H - from the intermediate, is also expected to require
assistance in the form of general-acid catalysis. Indeed,
measurements of isotope effects on the overall reaction
indicate that formation of the intermediate is not the
major limitation to the rate [1,2,5]. The kinetic mechanism
is ordered with respect to the addition of 2-PGA and
the second Mg2+ [6]. Mg2+ adds last, such that the
inhibition that is observed at high concentrations of MgZ+
is probably due to slower release of product [6]. The
overall equilibrium constant is - 4 and the equilibrium
constant on the enzyme is approximately unity [7].
Stereochemical investigations established that the 13-elimination reaction catalyzed by enolase is anti [8]. The
stereochemical results indicate that the groups responsible

Figure 1
Stepwise model for the ~-elimination
reaction of enolase. A, acid; EB, enzymic
base.
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for general-base and general-acid catalysis lie on opposite
surfaces of the active site.

response to binding of substrates or inhibitors in the active
site [12,14"].

Another important property of enolase is its requirement
for activation by two equivalents of divalent-metal ion per
subunit [9]. Early electron paramagnetic resonance (EPR)
experiments with Mn 2+ complexes of enolase indicated
that the two metal ions were bound sufficiently close to
each other to undergo spin-exchange coupling [10]. More
recently, EPR measurements of Mn 2+ enolase complexes
and the potent inhibitor phosphonoacetohydroxamate
(PhAH) and 170 labeled forms of PhAH established a
bichelate structure of the inhibitor in which the carbonyl
oxygen of the hydroxamate was a ~t-bridging ligand (Fig. 2)
[11]. These spectroscopic results were confirmed by a 2.1 fli
resolution X-ray structure of the cocrystallized complex of
(Mge+)g-PhAH-enolase [12].

Active site

Figure 2
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Schematic model of the bichelate metal complex of the inhibitor,
PhAH, in the active site of enolase. Charges on the metal ions and
PhAH are omitted for simplicity.

Structure

of enolase

Type I enolase from yeast has 436 amino acids per subunit.
In yeast and most higher organisms enolase subunits
assemble into dimers. T h e primary structure of enolase is
highly conserved. Each subunit consists of an N-terminal
and a C-terminal domain [13]. T h e latter folds into an o~/~
barrel having an atypical connectivity of f~2o{2(13o06 [13].
The active site is located in a cavity at the C-terminal
ends of the barrel strands. A ribbon representation of one
subunit of the (Mg2+)z-enolaseZ-PGA complex [14"] is
shown in Figure 3. The N-terminal domain contributes a
long flexible loop that closes on the active site via chelation
of Ser39 to one of the divalent cations [12]. This loop
closure, and movement of another loop containing His159,
constitute the major conformational changes that occur in

Some of the several acidic and basic residues that
line the active site are highlighted in the view of the
Mg2+-enolase complex shown in Figure 4 [15]. An earlier
structure of the substrate/product complex was obtained
by soaking substrate into crystals of Mg2+-enolase at
p H 6 in 3M(NH4)zSO4 [16]. This structure revealed
electron density for the substrate/product in the active site.
Modeling of 2-PGA into the density suggested that the
carboxylates from Glu168 and Glu211 and an intervening
water might serve as the base catalyst [16]. This early
structure, however, lacked the second equivalent of Mg2+,
and electron density was ambiguous with respect to the
positions of the carboxylate and hydroxymethyl moieties
of the substrate. Moreover, the structure of the bis
Mg z+ complex with PhAH indicated that Lys345, on the
opposite face of the active site, was a viable candidate for
the base catalyst [12].
The recent structure of (Mge+)z-enolase-2-PGA/P-enolpyruvate was obtained for crystals of the complex
cocrystallized at p H 8 from PEG [14"]. In contrast to
the previous structure [16], difference electron density
corresponding to the substrate/product was unambiguous
with respect to the stereochemistry of substrate binding,
and the coordination schemes of both essential magnesium
ions was clear. Figure 5 shows the active site with bound
2-PGA and the residues that are in position to participate
in catalysis. An intricate coordination of the magnesium
ions to the substrate/product is an intriguing revelation
of this structure. The carboxylate of the substrate/product
coordinates in a bidentate manner to the higher affinity
Mg 2+ ion. One of the carboxylate oxygens bridges to the
second Mg2+ ion, and is therefore structurally analogous
to the carbonyl oxygen in PhAH [12]. The second MgZ+
ion also coordinates to an oxygen from the phosphate
of the substrate/product (Fig. 6). T h e e-amino group of
Lys396 is also within hydrogen-bonding distance of a
carboxylate oxygen. T h e magnesium ions and a protonated
g-amino group of Lys396 are the agents that are in
position to stabilize the increased negative charge that
develops on the carboxylate in the enolate intermediate.
T h e hydroxymethyl moiety of 2-PGA points towards the
carboxylatc of Glu211, and Lys345 is positioned near the
C2 proton of 2-PGA.
A third proposal for the general-base catalyst of enolase
emerged from a structure of the enolasi: from lobster muscle [17]. This scheme was based on assignment of electron
density for the weak inhibitor phosphoglycolate, which
was soaked into crystals in concentrated (NH4)2SO 4.
Like the (NH4)zSO 4 crystals of the yeast enzyme [16],
these crystals lacked the second divalent-metal ion. T h e
suggestion from this structure that His159 (using the yeast
numbering system) functions in general-base catalysis is
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Figure 3
Ribbon representation of a
subunit of the enolase-(Mg2+)2 substrate/product complex [14"°]. The
N-terminal domain is shown in green
and the C-terminal domain is shown in
blue. Magnesium ions are represented
by spheres and a ball and stick model
of 2-PGA is shown in the active site.
X-ray coordinates for this structure are
deposited in the Brookhaven Protein Data
Bank (entry code 1ONE). Figure drawn
using MOLSCRIPT [25].
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inconsistent with the stereochemistr3, of the structure of
the cocrystallized substrate/product complex [14 °'] as well
as with the facile exchange of the C2 proton of 2-PGA with
solvent [1,2].

steps. For example, one can e x p e c t that mutant proteins
that retain the base should also retain the ability to catalyze
the first step in the reaction cycle, or an analog of this step
such as ionization of the inhibitor (TSP; Fig. 7).

Site-specific mutagenesis
T h e various proposals for residues involved in acid/base
catalysis in enolase can be tested by site-specific mutagenesis. As might be anticipated from the strict conservation
of residues in the active site of enolase, mutation of any
of four residues (Glu168, Glu211, kys345, Lys396) in the
active site of enolase lowers the activity in the overall
reaction relative to wild-type cnolase by a factor of 104-105
(Table 1). T h e stepwise nature of enolase catalysis (Fig. 1)
facilitates evaluation of the catalytic properties of mutant
forms of the enzyme, because variants that are inactive
in the overall reaction may retain activity in one of the

Glu168Gln and Gln211Gln enolases have been expressed
in an enolase type I knockout strain of yeast [18,19"]
and in Escherickia coil [20"']. Expression of mutant forms
of yeast enolase in E. coli leads to a more tractable
purification than with the yeast system, in which type II
enolase and type If/mutant type I hybrids are present.
I n d e e d lower activities are reported for Glu168Gln and
Glu211Gln enolases obtained from the E. co/i expression
system [20"]. Both Glu168Gln and Glu211Gln enolases
catalyze the T S P ionization as assayed by UV difference
spectroscopy, although at rates lower than wild-type
enolase [18,19",20"].
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Figure 4

Ribbon representation of the active site
of the enolase-Mg 2+ complex [15].
Coordination of Mg 2+ (green sphere)
to the three carboxylate ligands and
oxygens (red spheres) of the three water
ligands is shown. Important active-site
residues (denoted using amino acid
single-letter code) are represented as bail
and stick models. The active-site loop in
its open conformation is shown in green.
X-ray coordinates for this structure are
deposited in the Brookhaven Protein Data
Bank (entry code lebh). Figure generated
using the program MOLSCRIPT [25].
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Table 1
Kinetic constants of yeast e n o l a s e and variants.

2-PGA Dehydration
Yeast enolase
Wild type
Lys345Ala
Lys345Met
Glu211 Gin
Lys396Met
His373Asn
Glu168GIn

K M (raM)
0.30
0.7
0.027
O. 12
0.10
0.011
0.11

+ 0.06
_+ 0.1
_+ 0.003
-+ 0.02
+ 0.02
_+ 0.002
_+ 0.04

1H/2H Exchange
of 2-PGA

Hydration of (Z)-3-CIP-enolpyruvate

kcat (s -1)

kex/kcat

kcat(S-1 )

78 + 4
(6.3 + 0.4) x 10 -4
1.4 x 10 -3
(6.6 _+ 0.3) x 10 -4
3.0 x 10 -3
8.4
(4.0 _+ 0.4) x 10-4

0.23 + 0.006
< 0.5
(2.0 + 0.1 ) x 103
-

> 0.05
(8.8 _+ 0.7) x 10-4
(8.8 + 0.7) x 10 -6
-

References

[2,20"]
[20"]
(a)
[20 "o]
(b)

-

-

(b)

(2.5 + 0.2) x 103

(2.3 _+ 0.3) x 10 -4

[20"]

~a) RR Poyner, V Bandarian, GH Reed, unpublished data. (b) RR Poyner, LT Laughlin, GH Reed, unpublished data.

The exchange of the C2 proton of 2-PGA with solvent
deuterons is a more direct assay of the viability of the
catalytic base, and this reaction is conveniently assayed by
N M R spectroscopy. Assays of the Glu168Gln, Glu211Gin,
and Lys345Ala enolases in this exchange reaction revealed

that Glu211Gln and Glu168Gln enolases were capable
of catalyzing this exchange whereas no exchange activity
could be detected with Lys34SAla enolase [20°']. With
Glu211GIn enolase, exchange was essentially complete
prior to the appearance of P-enolpyruvate in the reaction
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Figure 5
Stereoview of the active site of the
enolase-(Mg2+)2-substrate/product
complex [14°*]. The Co, backbone is
shown as a blue tube; the magnesium
ions are represented as green spheres;
catalytic groups (denoted using amino
acid single-letter code) are shown as ball
and stick models in grey, and the ball and
stick model of 2-PGA is highlighted with
yellow bonds. Figure generated using the
program MOLSCRIPT [25].
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Ionization of the inhibitor tartronate semialdehyde phosphate.

wild-type enolase (PK Hall, RR Poyner, GH Reed,
unpublished data). The failure of Lys345Ala enolase to
catalyze the H/D exchange in 2-PGA is consistent with the
recent X-ray structure which shows that the C2 proton of
2-PGA is directed towards the C-amino moiety of Lys345
[14oo1.

0
$39

~"~

The active site of the enolase-(Mg2+)2-2-PGA complex showing
coordination of the magnesium ions [14°°]. Active-site residues are
denoted using amino acid single-letter code. Figure generated using
MOLSCRIPT [25] and Raster3D [26,27].

mixture. This observation reinforces the proposal that
the enolase reaction is indeed stepwise. Recent assays
of Glu211Gln enolase indicate that with Mg 2+, k e x c h a n g e
is comparable to the overall catalytic turnover, /'cat, of

The enolase-catalyzed hydrolysis of the (Z) isomer of
C3-halogenated analogs of P-enolpyruvate to form the enol
of TSP (Fig. 8) [21] provides a means to assay the viability
of groups in mutant forms of enolase which activate
water in the reverse reaction [20"]. This reaction involves
addition of O H - and elimination of X- (where X =F or CI)
at C3 of the analog and probably includes an intermediate
which is structurally analogous to the enolate of 2-PGA.
The product of this reaction (a form of TSP) is a potent
inhibitor of enolase, and single-turnover assays were
therefore employed. The order of effectiveness in this reaction, wild type > Lys345Ala > Glu168Gln >> Glu211Gin,
suggested that Glu211 is important in activation of water
and therefore might function in acid/base catalysis of the
second step of enolase catalysis [20°°]. This suggestion was
borne out by the X-ray structure, which exhibited well
defined electron density for the hydroxymethyl of 2-PGA
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Figure 8

The enolase-catalyzed hydrolysis of the
(Z) isomer of C3-halogenated analogs of
phosphoenolpyruvate.
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Schematic model of enolase catalysis.
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directed towards Glu211 (Fig. 5) [14°°]. The imidazole
side chain of His373 is also near the hydtoxymethyl
moiety, and the potential for participation by this side
chain is still feasible. Assays of highly purified His373Asn
enolasc (RR Poyner, G H Reed, unpublished data) show
that this mutant enzyme retains -10% of wild-type activity
(Table 1); therefore, His373 is not essential for effective
catalysis.
Results from X-ray crystallography on the equilibrium
mixture of enolase [14"] and from assays of the glutamate
and lysine mutant forms of enolase (Table 1) [20"],
show that the E-amino of Lys345 and the carboxylate
of Glu211 function in general-base and general-acid
catalysis, respectively, in the forward reaction of enolase. A
protonated z-amino of Lys396 is within hydrogen-bonding
distance from a carboxylate oxygen and probably participates with the magnesium ions in stabilizing the enolate
intermediate. Lys396Met enolase is lower in activity by
>104 compared with wild-type enolase (RR Poyner, LT

Mg2+

..'"

"'-..

-

Mg2+

Laughlin, G H Reed, unpublished data). The side chain
of Glu168, which is in position to interact with Glu211
and with Lys396, is likely to be important in both steps
of catalysis, and this suggestion is confirmed by the
properties of Glu168Gln enolase (Table 1) [20°°]. Ser39
in the active-site loop is also critical for efficient catalysis.
Ser39Cys enolase is more active with Zn 2+ ions than with
Mg2+ ions, but activity is <10-3 wild type (AM Langnet,
LT Laughlin, RR Poyner, G H Reed, unpublished data).
Schematic

model

of enolase

catalysis

The structural results and results from mutant forms of
enolase are consistent with the mechanism shown in
Figure 9.
T h e pKa of Lys345 is not yet known, but it is apparent
that the intricate coordination of the carboxylate to the
magnesium ions and the interaction of the carboxylate oxygen with Lys396 must lower the pK a of the C2 proton to
allow ionization at a rate compatible with turnover. There
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is chemical precedent for chelation-induced acidification
of (z protons [22].
Model calculations have been published on possible
environmental influences on the pKa of the C2 proton of
2-PGA [23]. In spite of missing the important interactions
between the substrate carboxylate and both Mg 2+ ions,
these calculations predict that a conformation that is compatible with enolate formation is most favorable. These
predictions reconfirm what has been e x p e c t e d - - n a m e l y
that the enolate is the most stable form of the catbanion intermediate [3]. The fact that enolase binds the carboxylate
of 2-PGA in the proper conformation for enolate formation
probably reduces the 'intrinsic' barrier to ionization of the
carbon acid.
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Conclusions
The recent work on enolase explains many of the
fundamental characteristics of the enzyme. The properties
of various mutant forms of enolase in partial reactions
reinforce the concept of a stepwise mechanism. The
acid/base catalysts are on opposite faces of the active
site, which is in harmony with the anti stereochemistry
of the elimination. Direct coordination of both metal
ions to the carboxylate moiety of the substrate explains
the his metal ion requirement for catalysis and the
magnetic properties of paramagnetic complexes. One can
anticipate that more detailed information on the properties
of the binuclear-metal center in enolase complexes, and
on the roles of other residues in the active site, will
be forthcoming from future research. Information on
enolase should also be useful in understanding catalysis
by related enzymes that also promote enolate formation
in carboxylate substrates [24].
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