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ABSTRACT: The glycolytic enzyme enolase catalyzes the reversible elimination of water from 2-phospho-
glycerate (2-PGA) to form phosphoenolpyruvate (PEP). Twomagnesium ions in the active site are thought to
facilitate the reaction by activation of the C2 proton of 2-PGA and charge stabilization of the intermediate.
The initial abstraction of a proton from a carboxylic acid is common to all members of the enolase super-
family, yet in all other known members of this superfamily, only one magnesium ion (MgI) per active site is
sufficient to promote catalysis. We wanted to further investigate the importance of the second magnesium ion
(MgII) for the catalytic mechanism of yeast enolase 1. Toward this end, we removed all MgII coordinating
residues and replaced substrate-MgII interactions by introducing positively charged side chains. High-
resolution crystal structures and activity assays show that the introduced positively charged side chains
effectively prohibit MgII binding but fail to promote catalysis. We conclude that enolase is inactive without
MgII, yet control mutants without additional positively charged side chains retain basal enolase activity
through binding of magnesium to 2-PGA in an open active site without the help of MgII coordinating
residues. Thus, we believe that ancestral enolase activity might have evolved in a member of the enolase
superfamily that provides only the necessary catalytic residues and the binding site for MgI. Additionally,
precatalytic binding of 2-PGA to the apo state of enolase was observed.

Enolase, a central metabolic enzyme catalyzing the conversion
of 2-phosphoglycerate (2-PGA)1 to phosphoenolpyruvate (PEP)
in the glycolytic pathway, is the most prominent member of the
enolase superfamily. All members consist of a central modified
TIM-barrel domain with (β/R)7β-architecture containing the
catalytic residues and an Rþβ lid domain that influences sub-
strate specificity.

The structure of dimeric yeast enolase 1 has been studied exten-
sively (1-4). Several flexible loops have been identified thatmove
upon substrate binding, leading to different overall conformations
observed in enolase crystal structures (Figure 1A). Wild-type
enolase cocrystallized with magnesium, and the substrate or pro-
duct adopts a completely closed state with the flexible active site
loops 36-43 from the lid domain and 153-169 and 251-277
from the barrel domain all in closed conformations (1, 3, 4). The
S39A mutant of enolase was crystallized in an open state with all
loops in the open conformation (5). In wild-type enolase crystals
soaked with substrate, a third overall state, the apo state, has been
described: Loop 36-43 is very far removed from the active site,
while both loops 153-169 and 251-277 are open (2). Enolase can
form asymmetric dimers with the two subunits adopting different
overall conformations (3, 4).

Members of the enolase superfamily share a common initial
reaction step (Figure 1B), the abstraction of the R-proton of a

carboxylate substrate by a general base (6), lysine 345 in yeast
enolase 1 (1, 7). The resulting enolic intermediate is stabilized by a
conserved active site magnesium ion, MgI, that interacts with the
intermediate’s carboxylate group (Figure 1C). Enolase itself is the
onlymember inwhich the reaction intermediate is coordinated by
a second magnesium ion, MgII (Figure 1C). MgII interacts with
one carboxylate oxygen and a phosphate group oxygen of the
substrate 2-PGA. Serine 39 in loop 36-43 of the lid domain is the
only residue that directly interacts with MgII. Two water mole-
cules positioned by aspartate 321 complete the coordination sphere
of MgII (1, 8). Both magnesium ions are thought to participate
in the crucial first step of the enolase reaction, the ionization of
2-PGA to give the negatively charged enolic intermediate and the
stabilization thereof (1, 5, 9, 10) (Figure 1B). In the second step of
the enolase reaction, the general acid glutamate 211 facilitates the
dissociation of the hydroxide leaving group to form PEP (1, 7).

The exact function of MgII in the enolase reaction remains
puzzling. In the enolase superfamily, electrostatic interactions
with metal ions are thought to lower the pKa of the substrate’s
R-proton to facilitate the proton abstraction step (11, 12). The
exceptionally high pKa of the 2-PGAR-proton (13) might explain
the presence of the second magnesium ion in enolase. However,
enolase superfamily enzymes of theMR subgroup, the acid sugar
dehydratases, catalyze the proton abstraction of similarly weakly
acidic substrates (14) yet utilize only one magnesium ion.

We wanted to further investigate the importance of MgII for
the enolase reaction by elucidating whetherMgII can be replaced
by positively charged side chains as an alternativemeans of substrate
stabilization. To test our hypothesis, we created yeast enolase 1
point mutants by a combined rational and computational design
approach. In all mutants, theMgII-coordinating residues, S39 and
D321, were replaced to remove all direct and indirect protein-
MgII interactions. Positively charged side chains were introduced
into the active site pocket to position the charged atoms in close
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proximity of 2-PGA, thus situated to substituteMgII interactions.
Control mutants contained no additional positive charges inter-
acting with the substrate.

To our surprise, while the mutants with the additional posi-
tively charged side chains are catalytically inactive, the control
mutants retain enolase activity, albeit with a greatly reduced turn-
over rate compared to the that of wild-type. High-resolution
crystal structures with bound ligand show that the positively
charged side chains are positioned as predicted and thus effec-
tively block MgII binding, yet they fail to promote catalysis. On
the other hand, both high-resolution structural data and increased
catalytic activity at high magnesium concentrations suggest that
MgII still binds to the open active sites of the control mutants,
thus enabling basal enolase activity. Our findings imply that
enolase is not active without MgII bound to the substrate. Still,
basal activity can be achieved in an open active site lacking the
MgII coordinating residues because divalent metal ions from the
solvent can be bound by the substrate alone.

Additionally, we determined a crystal structure that shows bind-
ing of 2-PGA to the active site of the apo state of enolase with
unambiguous electron density. The position of the substrate in
the active site and thus its interactions with the enzyme differ
from those of the catalytic state, providing evidence of a precata-
lytic substrate-binding pocket.

EXPERIMENTAL PROCEDURES

Design of Enolase Mutants. Initial calculations using
Dezymer (15) identified different rotamers of arginine and lysine
at positions 321 and 167, respectively, with positively charged
groups in contact with 2-PGA. Likewise, asparagine 39 was
predicted to hydrogen bondwith 2-PGA to promote loop closure
of active site loop 36-43. These mutations were combined
rationally in the NR (S39N/D321R) and NKR (S39N/Q167K/
D321R) mutants. The control mutants NA (S39N/D321A) and
AA (S39A/D321A) contained no additional positive charge (Figure
S1 of the Supporting Information). Thus, the MgII interacting
residues S39 and D321 were replaced in all mutants. Addition-
ally, theD321A and S39A (5, 16) singlemutants were analyzed to
compare the effect of the single mutations with that of the double

mutations. To confirm that the measured activity is not due to
contamination, the catalytic base K345 was mutated to alanine
in the background of the NA and AA mutations, resulting in
mutants NA(A) (S39N/D321A/K345A) and AA(A) (S39A/
D321A/K345A).
Cloning of Enolase Expression Vectors. The wild-type

enolase gene was amplified with PCR from genomic Saccharo-
myces cerevisiae DNA. Mutant enolase genes were constructed
from the wild-type template with PCR site-directed mutagenesis.
All resulting constructs were fully sequenced and contained no
additional mutations. Wild-type and mutant genes were cloned
into the pET-21a(þ) expression vector.
Expression and Purification. Enolase wild-type and mutants

were expressed as C-terminal 6x-His tag fusion proteins in
Escherichia coli BL21; 1.5 L of LB medium in 3 L Erlenmeyer
flasks was inoculated with a 10 mL overnight culture and grown
to an OD600 of 0.5-0.8. After induction with 1 mM IPTG, the
flasks were shaken at 37 �C overnight. Cells were harvested by
centrifugation and stored at -20 �C.

Cells were lysed by sonication in 50 mM Tris-HCl (pH 8.0),
300 mM KCl, 2 mM MgCl2, and 20 mM imidazole. After re-
movalof cell debris by centrifugation, aNiNTAcolumn (Amersham
Pharmacia HisTrap HP, 5 mL) was used for the first purification
step. Initially, proteins were eluted with a linear imidazole gra-
dient. For subsequent purifications, an optimized step elution
protocol was developed, thus removing the need for concentrat-
ing the sample after this step. To remove imidazole, enolase-
containing fractions were pooled and dialyzed against gel filtra-
tion buffer [20 mM Tris-HCl (pH 8.0), 2 mM MgCl2, 0.5 mM
EDTA, and 100 mMKCl]. To increase purity, an additional gel
filtration step (GE Healthcare 26/60 Superdex 75 HiLoad) was
performed.Enolase-containing fractionswere pooled anddialyzed
extensively against storage buffer [20 mM Tris-HCl (pH 8.0),
2 mM MgCl2, and 0.5 mM EDTA]. Before activity assays were
performed, an additional anion exchange step was conducted
with conditions reported to efficiently bind possible trace levels of
contamination of E. coli enolase (17). The resin (Sigma-Aldrich
DEAE Sephadex) was extensively equilibrated with storage
buffer. Enolase solutions were incubated with 20 mL of resin
at 4 �C for 30 min. The supernatant containing the yeast enolase

FIGURE 1: (A)Overall structure ofwild-type enolase (PDBentry 1one)with flexible loops 36-43, 153-169, and 251-277 in closed conformations
(yellow). MgI, MgII, 2-PGA, and the MgI-coordinating D246, E295, and D320 in the active site shown as spheres and sticks, respectively. To
illustrate loop movements, flexible active site loops in open (red) and apo (blue) conformations are superimposed. (B) Schematic model of the
enolase reaction mechanism, adapted from ref 4. (C) MgII coordination in the active site of wild-type enolase (PDB entry 1one). MgII (green
sphere) interacts with 2-PGA, the side chain and backbone oxygen of S39, and two water molecules (gray spheres) positioned by D321.
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was collected and sterile filtered. The purity of the proteins was
checked by SDS-PAGE.
Crystallization. Protein crystals were obtained by standard

vapor diffusion of 13-21mg/mL purified enzyme in storage buffer
against crystallization buffer containing different PEG’s and salts
at 20 �C (Table S1 of the Supporting Information). Enolase
crystals belonging to space group P1 grew in 2-3 months. After
being soaked in crystallization buffer with 3.5 mM 2-PGA or
PEP and 3.5 mM MgCl2 (if not present in the crystallization
buffer) for a short time and transferred to a cryo solution with
additional PEG 400, crystals were flash-frozen in liquid nitrogen.
X-ray data of single crystals were collected with a MarCCD
225 mm detector at synchrotron beamline PXII (Swiss Light
Source, Villigen PSI).
Structure Determination.Data were indexed and processed

withXDS and convertedwithXDSCONV (18).Molecular replace-
ment searches were performedwithMolrep from the CCP4 prog-
ram suite (19) using the coordinates of wild-type enolase (PDB
entry 2one) or a previously determined enolase mutant structure
from this study as search models. Model building was per-
formed in alternating rounds of computational refinement with
REFMAC5.4.0066 (20) andmanual adjustments withCoot (21).
Qualities of the final structures were judged by Molprobity (22)
andWhatCheck (23). Data and refinement statistics for the diffe-
rent data sets are abbreviated in Table 1 and presented in more
detail in Table S1 of the Supporting Information.
Structure Analysis. Structural superpositions were perfor-

med with the Pymol (24) align function.
Enolase Activity Assays. 2-PGA and NADH were purcha-

sed from Sigma. Coupling enzymes LDH and PYKwere purcha-
sed fromRoche.Na-ADPwas purchased fromAlexis. Activity in
the conversion of 2-PGA to PEP was measured at 25 �C using
a coupled assay with LDH and PYK. To start the reaction,
0.01 μM (wild-type), 5 μM (D321A and S39A), or 10 μM (other
mutants) purified enzyme was added to a cuvette containing
1 mL of reaction mix [50 mMHEPES (pH 7.5), 45 μM NADH,
0.22 mMNa-ADP, 1.38 units/mL LDH, and 1.2 units/mL PYK]
and either 2 mM MgCl2 with a 2-PGA concentration ranging
from 5 to 600 μMor 200 μM2-PGAwith aMgCl2 concentration
ranging from0.03 to 25mM.The decrease in absorption at 340 nm
was monitored with a Varian Cary 50 Scan spectrophotometer.
Initial reaction rates were determined from fits to the linear
portion of the curves. Three measurements with independently

purified batches of protein were performed for each variant.
Values for kcat and KM were determined from best fits of the
Michaelis-Menten equation to the averaged data. The baseline
was determined by monitoring the decrease in absorption after
addition ofwater instead of enzyme, and the detection limit of the
coupled assay was thereby calculated.

1H Proton Exchange Measurements. This highly sensitive
method of assaying the capacity of mutant enolases to exchange
theC-2 proton of 2-PGAwas adapted from ref 7. Assay solutions
contained 25 mM Tris-DCl (pD 7.5), 2 mM MgCl2, and 1 mM
2-PGA in D2O. After a reference spectrum had been recorded,
the reaction was started by addition of 0.02 μM wild-type or
0.5 μMmutant enzyme. One-dimensional NMR spectra were re-
corded on a 600 MHz Bruker Avance III spectrometer immedi-
ately and after incubation for 2 days at 25 �C. As a control, spec-
tra of 2-PGA in assay solution were recorded without addition of
enzyme.

RESULTS AND DISCUSSION

Crystal Structures. We obtained high-resolution crystal
structures of D321A, NA, AA, NR, and NKR in complex with
magnesium and 2-PGA or PEP (Table 1). Enolase mutants crys-
tallized in this study adopt the closed, open, or apo state and align
with root-mean-square deviations between 0.25 and 0.33 Å over
all CR atoms with previously published enolase structures in
closed, open, and apo states (Figure S2 of the Supporting Infor-
mation). Although enolase crystals were soaked with substrate,
we observe the same loop conformations that were found in
cocrystallization experiments. As the flexible loops are not invol-
ved in crystal contacts, the necessary loop movements can occur
in the confines of a protein crystal.
Structures of Active Sites of Enolase Mutants. In all

crystal structures determined in this study, unambiguous density
for the ligands 2-PGAor PEP andMgI is present in the active site
(Figure 2).While we observe binding ofMgII toD321A andAA,
it is absent in the other mutant structures. The overall conforma-
tion of the active site, the binding of the ligands 2-PGA, PEP, and
MgI, and the conformation of the catalytic side chains K345 and
E211 are not affected by the mutations. Thus, the observed acti-
vity loss appears to be a direct result of the loss of MgII binding
and changes in active site closure.

The D321A mutant is crystallized in the closed state, with
MgII bound and all flexible loops in the closed conformation

Table 1: Statistics for the D321A, NA, AA, NR, and NKR Data Sets

D321A NA AA NR NKR

Data Collectiona

space group P1 P1 P1 P1 P1

data range (Å) 50.0-1.80 (1.91-1.80) 40.0-1.79 (1.90-1.79) 40.0-1.70 (1.80-1.70) 40.0-1.80 (1.91-1.80) 40.0-1.70 (1.80-1.70)

completeness (%) 91.3 (89.6) 93.1 (87.3) 92.4 (91.1) 75.9 (76.8)b 93.0 (86.9)

Rmerge (%) 14.9 (68.2) 12.6 (49.3) 20.7 (82.7) 16.1 (90.0) 16.0 (77.1)

I/σ 11.43 (3.12) 12.74 (3.48) 8.64 (2.65) 11.66 (2.05) 9.69 (2.34)

Wilson B value (Å2) 26.5 25.2 25.7 23.9 22.3

Refinement

Rfact (%) 17.5 16.8 23.3 16.4 19.7

Rfree (%) 21.4 20.9 27.9 20.8 24.6

overall B value (Å2) 20.1 18.8 20.5 16.8 15.4

aIn this section, the numbers in parentheses correspond to the values of the last shell. bThe NR data set contained ice rings; thus, certain resolution ranges
had to be excluded from the calculations, resulting in a lower overall completeness.
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(Figure 2A). As a result of the D321A mutation, the position of
the two water molecules that complete the MgII coordination
sphere differs slightly from that of the wild-type.

The subunit A of mutant AA adopts the completely closed
state, although noMgII is bound to the active site (Figure 2B). In
subunit B in the same crystal, no density for loop 36-43 is visible,
indicating high loop flexibility. On the other hand, density for
MgII and three of the four coordinatingwaters thatwould complete
its hexagonal coordination sphere is clearly present (Figure 2C).
The fact that the density for MgII is significantly lower than for
MgI indicates that MgII is not present in all active sites of the
crystal lattice. Still, this structure confirms that MgII can bind to
2-PGA in an open active site lacking any additional side chain
interactions with the protein. 2-PGA binds divalent cations like
magnesium in solution (25), which explains why the substrate in
an open binding pocket is sufficient to bind magnesium with low
affinity.

NA subunit A,NR subunit A, andNKRare crystallized in the
open state without bound MgII (Figure 2D-F). No hydrogen
bonds are formed between N39 and the substrate as predicted;
instead, N39 points away from the active site, leaving loop 36-43
in an open conformation. In contrast, R321 and K167 interact
with the substrate as predicted, although the rotamers found in
the crystal structure differ from those of the predictions. BothR321
and K167 are calculated to be protonated by ProPKA (26, 27).

Thus, R321 and K167 sterically and electrostatically prohibit
binding of MgII to NR and NKR. Only in the precatalytic apo
structure of NR subunit B is R321 not in contact with the
substrate (Figure S3 of the Supporting Information).

We observe MgII binding to the open state AA but not to the
open state NA structure, which might be due to the lower
magnesium concentrations in the NA crystallization buffer
(Table S1 of the Supporting Information).
Binding of 2-PGA to Apo Enolase. The structures of NA

andNR show that 2-PGA and PEP can bind to the so-called apo
state of enolase (Figure 3 and Figure S3 of the Supporting
Information). As the diameter of the active site in the apo state is
approximately 1.5 Å wider than in the open or closed state, it is
impossible to satisfy all ligand side chain interactions. In NA
subunit B, 2-PGA is not bound directly to MgI but occupies its
second coordination sphere. The first coordination sphere is
completed by two additional water molecules in contact with
both MgI and 2-PGA (Figure 3A). Thus, the three water mole-
cules bound to MgI in substrate-free Mg2þ-bound enolase (28)
are still present in the initial binding pocket and contribute to
2-PGA binding. As the position of 2-PGA is shifted, catalytic
contacts with the catalytic base K345 and the catalytic acid E211
are not established, indicating that the observed initial binding
mode is precatalytic. Instead, E211 is flexible while K345 hydro-
gen bonds to a carboxy group oxygen of 2-PGA.

FIGURE 2: Stereo images of the active sites of enolasemutants. In all mutants,MgI and substrate binding aswell as the conformation of the active
site side chains is not affected by themutations. The omit electron density (Fo- Fc) for the ligands is contoured at 2.0σ (B,C, andF) or 3.0σ (A,D,
and E).Water molecules are shown as small spheres. (A) Active site of D321A with density for 2-PGA,MgI, andMgII. Both subunits adopt the
closed state. MgII is bound in the wild-type position; only the positions of the two coordinating water molecules differ slightly from those of the
wild-type. (B) Active site ofAA subunit A. This subunit adopts the closed state.MgII is not bound to the active site. (C) Active site ofAA subunit
B.Nodensity for loop36-43 is present; thus, the active site of subunit B is accessible to the solvent.All other loops adopt the closed conformation.
Density for MgII bound in the wild-type position and three coordinating water molecules is present. Bond lengths and angles exclude the
possibility of awater cluster. (D)Active siteofNA, subunitA.N39does not hydrogenbond to2-PGAaspredicted, leaving loop36-43 in the open
conformationand the active site accessible to solvent.MgII is not bound to the active site. (E)Active siteofNR, subunitA.N39does not hydrogen
bond to PEP as predicted, leaving loop 36-43 in the open conformation and the active site accessible to solvent. As predicted, R321 is in contact
with PEP, thus blockingMgII binding. (F) Active site ofNKR, subunit A.N39 does not hydrogen bond to PEP as predicted, leaving loop 36-43
in the open conformation and the active site accessible to solvent. Both R321 and K167 are in contact with PEP, thus blocking MgII binding.
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The superimposition of enolase NA subunit B in the apo state
with wild-type enolase in the closed state illustrates the move-
ments necessary to switch between conformations (Figure 3B).
The largest displacements are observed for residues S374 and
R375 and catalytic base E211. Thus, we presume that initial bind-
ing of the substrate to the apo structure initiates structural re-
arrangements. Foremost, movement of the loops containing
S374, R375, and E211 is necessary to reduce the diameter of
the active site pocket and establish catalytic contacts between the
substrate and MgI, K345, and E211. Subsequently, MgII is
bound followed by closure of loops 36-43, 153-169, and
250-277 (1-3). The crystal structure of enolase E211Q [PDB
entry 1p48 (29)] shows loop 153-169 in an intermediate position
between the opened and fully closed state, while loop 36-43 is
already fully closed, suggesting that movement of loop 36-43
precedes that of loop 153-169. Only then is the active site fully
closed and can efficient catalysis occur.

Substrate binding has been observed in apo state crystals of
wild-type enolase as well (2), yet the poor electron density for the
substrate led to misinterpretation of the substrate backbone
conformation [PDB entry 7enl (2)]. In the case of NA subunit
B, the electron density for 2-PGA,MgI, and all active site waters
is very well-defined (Figure 3A). In the mutant NR, PEP also
binds to the apo state. However, the electron density for the
ligand is poor and the conformation shown might be ambiguous
(Figure S3 of the Supporting Information).
Catalytic Activity of Enolase Mutants. The catalytic

activities in the conversion of 2-PGA to PEP were determined
for enolase wild-type andmutants (Figure 4). Kinetic parameters
for wild-type enolase are in good accordance with previously
publisheddata (4, 5, 7); thekcat of the S39Amutant is in reasonable

accordancewith the one determined byPoyner et al. (5) (Table 2).
Kinetic parameters for S39A determined by Brewer et al. (16)
differ from the results of this study. It is possible that their
purifications retained traces of isoenzyme enolase 2.

While the D321A mutant is 103-fold less active than the wild-
type, it retains approximately 15 times more activity than the
S39A mutant (Figure 4A). As serine 39 directly interacts with
MgII whereas aspartate 321 only functions in positioning two
water molecules as interaction partners, it is reasonable to
conclude that serine 39 is more important for MgII binding than
aspartate 321, resulting in a greater activity loss in the S39A
mutant. Mutants with additional positively charged side chains,
NR and NKR, are catalytically inactive. In contrast, the control
mutants NA and AA retain enolase activity (Figure 4B), yet NA
and AA are 105-fold less active than the wild-type (Table 2).

When the catalytic base K345 of NA and AA is mutated to
alanine, this basal activity is completely lost (Figure 4B,D),
indicating that the observed activity of NA and AA is not an
artifact or due to contamination with wild-type E. coli enolase.
Traces of E. coli enolase or yeast enolase 2 are easily copurified
with enolase 1, which might explain why previous studies could
determine catalytic parameters for enolase K345E, albeit at very
low levels (4, 7). However, after purification by Ni affinity
chromatography and gel filtration, we performed an additional
anion exchange step with conditions reported to efficiently bind
possible trace levels of contamination of E. coli enolase (17).
Catalytic parameters ofE. coli enolase are very similar to those of
yeast enolase 1, with an optimum around 2mMMg2þ (17). Thus,
the fact that the activity of enolase NA and AA is activated by
high magnesium concentrations but not inhibited like that of
wild-type yeast or E. coli enolase, along with the purifications of

FIGURE 3: Stereo images illustrating binding of 2-PGA to the apo structure of enolase NA subunit B. (A) The omit electron density (Fo- Fc) for
2-PGA,MgI (green sphere), and the water molecules (blue spheres) is contoured at 3.0σ. 2-PGA hydrogen bonds to S374, R375, K345, and two
watermolecules in the first coordination sphereofMgI.Catalytic contactsof 2-PGAwithK345andE211are not established. (B) Superimposition
of enolase NA subunit B (dark red) with wild-type enolase in the closed state (gray, PDB entry 1one). 2-PGA,MgI (green sphere), and additional
water molecules (blue spheres) are shown in NA subunit B. Alignment was achieved only with the β-sheet residues of both molecules (residues
151-155, 168-172, 242-246, 293-295, 316-318, 341-344, 368-371, and394-396; resulting root-mean-square deviation of 0.64over all atoms)
to illustrate loopmovements. The largest movements occur in loop 372-381 containing R375 (distance between CR atoms in the apo and closed
conformation of 1.0 Å) and S374 (distance between CR atoms in the apo and closed conformation of 1.6 Å) and in the loop containing catalytic
acid E211 (distance between CR atoms in the apo and closed conformation of 1.2 Å).
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the mutants NR, NKR, NA(A) and AA(A) that completely lack
enolase activity, clearly speaks against contamination of our
purifications with E. coli enolase.

The KM for 2-PGA of S39A and D321A is not affected by the
introduced mutations, whereas the KM for 2-PGA of the double
mutants NA and AA is slightly increased (Table 2).
Influence of Magnesium Concentrations on Activity.

High magnesium concentrations strongly affect the activity of
enolase wild-type andmutants. The catalytic activity of wild-type
enolase reaches its maximum at magnesium concentrations
between 1 and 2 mM and is inhibited at higher concentrations
(Figure 4C), as described previously (30, 31). In the ordered
kinetic mechanism of enolase, MgII release precedes product
release; thus, high Mg2þ concentrations limit the reaction rate
due to slower release of MgII (31). In contrast, D321A, S39A,
NA, and AA are activated by high magnesium concentrations

(Figure 4C,D). The apparent activation constant for MgII V1/2

(Table 2) lies in the same range for D321A, NA, and AA. The
hyperbolic fit to the S39A data fits less well, making it difficult to
interpret the value for V1/2. This effect has been described
previously for S39A (5). The mutations reduce the affinity for
MgII, and the thus accelerated MgII release is no longer rate-
limiting, resulting in the observed activation profile.

NA is significantly more active than AA, especially at magne-
sium concentrations of >2 mM. Increasing the concentration of
Mg2þ has no effect on the catalytically inactive mutants NR,
NKR, NA(A), and AA(A).

1H Proton Exchange Measurements. To confirm the
results of the activity assays, the capacity to exchange the C-2
proton of 2-PGA was analyzed by NMR (Figure S4 of the
Supporting Information). As expected, in samples containing
wild-type enolase the 2-PGA, proton peaks were diminished over

FIGURE 4: Catalytic activities of enolase wild-type and mutants. Plotted are the mean and standard deviation calculated from three independent
measurements of three batches of purified enzyme for eachmutant along with theMichaelis-Menten (A and B) or hyperbolic (C andD) best fit
to that data. (A) Catalytic activities in the conversion of 2-PGA to PEP of wild-type enolase, D321A, and S39A in the presence of 2 mMMg2þ.
(B) Catalytic activity in the conversion of 2-PGA to PEP of enolase mutants in the presence of 2 mM Mg2þ. (C) Influence of the magnesium
concentration on catalytic activities of wild-type enolase, D321A, and S39Awith 200 μM2-PGA. (D) Influence of the magnesium concentration
on catalytic activities of enolase mutants with 200 μM 2-PGA.

Table 2: Kinetic Parameters for Enolase Wild-Type and Mutants

kcat (s
-1) KM (μM 2-PGA) kcat/KM (M-1 s-1) V1/2 (mM Mg2þ)

wt - 89 ( 2 39( 3 2.3 � 106 -
D321A D321A 0.058 ( 0.002 43( 6 1.3 � 103 4.6( 0.5

S39A S39A 0.0040 ( 0.0002 44( 6 91.7 2.3( 0.5

NA S39N/D321A 0.0026 ( 0.0002 144( 26 18.1 4.0( 0.3

AA S39A/D321A 0.0020 ( 0.0002 194( 52 10.3 3.7( 0.3

NR S39N/D321R <2.8 � 10-5a - - -
NKR S39N/Q167K/D321R <2.8 � 10-5a - - -
NA(A) S39N/D321A/K345A <2.8 � 10-5a - - -
AA(A) S39A/D321A/K345A <2.8 � 10-5a - - -

aThe catalytic activity of the mutants NR, NKR, NA(A), and AA(A) is below the detection limit (<2.8 � 10-5) of the coupled assay.
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time while a new peak for the PEP proton appeared (Figure S4A
of the Supporting Information). No change in the spectra could
be detected in samples containing NKR after incubation at 25 �C
for 2 days (Figure S4B of the Supporting Information). This
confirms that NKR is indeed completely inactive and not simply
below the detection limit of the coupled assay. Additionally, our
analysis shows that no uncatalyzed conversion of 2-PGA to PEP
is detectable under the same conditions.
Concluding Remarks. Both structures and activity assays

confirm that the introduced side chains R321 and K167 in NR
and NKR effectively inhibit MgII binding both sterically and
electrostatically. Both R321 and K167 are in close contact with
the substrate and predicted to be protonated by ProPKA (26, 27),
yet slight variations between subunits of one crystal of both bond
distances and angles of the side chain-substrate interactions
indicate some flexibility in the positioning of R321 and K167.
Thus, one explanation for R321 and K167’s failure to promote
catalysis could be the imperfect geometry of the interactions with
the substrate. It seems that either the charge introduced by the
side chains is insufficient for charge stabilization and substrate
activation or charged side chains are simply not structurally
appropriate for that task in the enolase active site. We conclude
that MgII is essential for enolase activity and cannot be replaced
by the introduced positively charged side chains.

So how is MgII binding impaired, and what is the resulting
effect on activity? The crystal structures indicate that rather than
incorrect coordination there is a weakening of MgII binding
through reduced occupancy. The increase in magnesium concen-
tration does improve the turnover in all active mutants signifi-
cantly, but not close to wild-type levels. A second intermingled
factor is a change in active site accessibility. Loop 36-43 effici-
ently closes the active site pocket in the wild-type interacting
solely with MgII via the side chain and backbone of residue S39.
The S39A mutation impairs MgII binding but still allows the
loop to close as observed in the AA mutant, while mutants with
the S39N mutation (NA, NR, and NKR) do not adopt the fully
close state in our crystal structures. Although shielding from
solvent often improves catalysis, the greater accessibility enables
NA to be more easily activated by increasing magnesium con-
centrations than AA. Thus, the loss of affinity for MgII affects
activity more severely than impaired loop closure.
Evolutionary Perspective. The active sites of NA and AA

remain accessible to solvent (Figure 2B-D), making it possible
for magnesium to directly bind to the substrate (Figure 2C) and
thus promote catalysis. We therefore believe that ancestral
enolase activity might have evolved in a member of the enolase
superfamily that lacks the MgII binding site but provides the
necessary catalytic residues. Our results show that binding of
magnesium to the substrate in an open active site pocket is
sufficient for basal levels of enolase activity. It is reasonable to
conclude that other divalent ions would likewise promote acti-
vity, as wild-type enolase was shown to be active with a wide range
of divalent metal cofactors (31). Taking into account the fact that
the uncatalyzed conversion of 2-PGA to PEP is too slow to be
measured by NMR, the basal enolase activity that can be thus
achieved is enough to provide an evolutionary advantage.
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