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Abstract

Yeast enolase serves as a prototype for metalloenzymes with labile, catalytic active site metal ions
and is important for glycolysis and fermentation processes. Herein, microsecond molecular
dynamics simulations of the protein-substrate and protein-product complexes are conducted to
elucidate the mechanism of the opening of catalytically important active site loops. These
simulations indicate that conversion of substrate to product is accompanied by diminished metal
coordination and hydrogen-bonding interactions, as well as enhanced loop flexibility. Moreover,
free energy simulations show that the loop opening is endergonic when substrate is bound but
exergonic when product is bound. Thus, the conversion to product weakens the association of the
loop with the ligand and binding site, thereby facilitating the loop opening after catalysis and
enabling product release. These insights about active site loop motions in enzyme catalysis may be
useful in guiding enzyme design efforts.
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Metalloenzymes play significant and diverse roles in a wide range of biochemical processes.
1-2 Yeast enolase serves as a prototype for metalloenzymes with labile metal ions that play a
key role in the catalytic turnover, as indicated by the proposed catalytic cycle shown in
Figure 1A.3 Enolases catalyze the reversible conversion of 2-phosphoglyceric acid (2PG) to
phosphoenolpyruvic acid (PEP) in glycolysis (Figure 1C).# The active site of yeast enolase
contains two Mg?2* ions, which are denoted Mga2* and Mgg?2* in the present work. In the
catalytic cycle, Mga2* binds to the active site first, followed by the binding of substrate and
then the binding of Mgg2*. After substrate to product conversion, Mgg?* is released,
followed by product release.

Active site loops are common motifs in enzymes® and can play significant roles, such as
preventing side reactions and stabilizing reaction intermediates.5-° Three loops, which
correspond to Ser36-His43, Val153-Phel69, and Asp255-Asn266 (herein denoted L1, L2,
and L3, respectively, as shown in Figure 1B), play significant roles in the catalytic cycle of
yeast enolase.10-11 |1 binds to Mgg?* through the backbone and side chain oxygen atoms of
Ser39 and also binds to the substrate through hydrogen-bonding interactions.12 L2 binds to
the substrate through the hydrogen bond between His159 and the substrate phosphate group.
13 |3 does not interact with the active site directly but is hydrogen bonded to L2.
Crystallographic data indicate that these loops can adopt different conformations when the
enzyme is in different states.14-16 For example, the three loops are open in the E-Mga2*
state4 but closed in the E-Mga2*-S-Mgg?* state,1% and they have been proposed to reopen
for the release of Mgg?2* and product (Figure 1).3 Crystallographic data also indicate
differences in loop conformations when the enzyme is bound to 2PG versus PEP.16 Several
computational studies of yeast enolase or homologous enzymes have been conducted in
efforts to understand the structure and catalytic mechanism.1’-23 Mixed quantum
mechanical/molecular mechanical (QM/MM) calculations have been performed to study the
dehydration reaction of yeast enolase.1”~18 Molecular dynamics (MD) simulations have
been performed to investigate the structural flexibility and protein interactions.19-21. 23

Despite the substantial number of experimental and theoretical studies, the mechanism of the
loop closing and opening in enolase is still not fully understood. Herein, microsecond MD
trajectories of the protein-2PG and protein-PEP systems are propagated to obtain a deeper
understanding of this mechanism and its relation to catalysis. In particular, the impact of
substrate conversion to product on the metal coordination, hydrogen-bonding interactions,
and loop flexibility are examined. Moreover, the free energy surfaces associated with the
loop closing and opening processes are also investigated by microsecond umbrella sampling
simulations. This study provides fundamental insights about the potential roles of active site
loops in enzymes, and the resulting knowledge may be useful in guiding enzyme design
efforts.

The initial coordinates of the protein-2PG and protein-PEP systems were obtained from the
PDB entry 10NE, which provides coordinates for the E-Mga2*-S-Mgg2* and E-Mga2*-P-
Mgg?* states.1® The ff14SB force field?* was used to model the protein system, and the
TIP3P water model was employed to represent the solvent.2> Na* and CI~ counterions were
added to the system to provide a salt concentration of ~0.15 M. For each of the two systems,
a 1.02 ps production MD trajectory was propagated with configurations saved every 10 ps.
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The pmemd.cuda program?® in the AMBER software package?’ was used for these MD
simulations. Additional details of the system preparation, force field parameters, and MD
simulations are provided in the Supporting Information (SI).

Because of the compact packing and ordered hydrogen-bond network in the active site of
yeast enolase, small perturbations of the ligand may significantly impact its structure and
motions. The active site contains many charged residues (Figure S1 and Table S2), and a
variety of hydrogen bonds can be formed between the enzyme and the substrate, especially
between the enzyme and the phosphate group of the substrate (Figure S2 and Table S3).
Similar patterns are observed in enzymes such as triosephosphate isomerase and glycerol 3-
phosphate dehydrogenase, which have a “phosphate gripper” loop to anchor the phosphate
group of the substrate.” In addition, the OA atom of the substrate can potentially form
hydrogen bonds with both L1 and L2 (Figure S2 and Table S3), suggesting its significant
role in the loop closing and opening processes, as illustrated below.

The substrate to product conversion for yeast enolase is proposed to involve a dehydration
reaction concurrent with protonation of Lys345 and deprotonation of Glu211 (Figure 1C).4
The appropriate protonation states of these two residues shown in Figure 1C have been used
in our MD simulations of the protein-2PG and protein-PEP complexes to account for the
dehydration reaction. To investigate the influence of the substrate to product conversion on
the active site structure, we analyzed the MD trajectories of the protein-2PG and protein-
PEP systems (i.e., the substrate-bound and product-bound systems, respectively). The
substrate and product binding modes are similar for 2PG and PEP in the crystal structure and
throughout the MD trajectories, with minor differences shown in Figures S3 and S4.
However, we observed significant differences in the metal ion coordination and the
hydrogen-bond network within the active site (Figure 2). In the protein-2PG system, the
bridging carboxylate oxygen retains its coordination to both Mga2* and Mgg?*, whereas in
the protein-PEP system, this oxygen atom is only coordinated to Mgg2*. This coordination
change is associated with a ~1 A greater average distance between the two Mg?* ions for the
protein-PEP system compared to the protein-2PG system (Table S4). In addition, Mgg2* is
coordinated to OC in the protein-2PG system and to Oy in the protein-PEP system (Figure 2
and Table S4).

The hydrogen-bonding interactions between the protein and the ligand also exhibit
significant differences for the protein-2PG versus the protein-PEP system (Figure 2 and
Table S5). The hydroxyl group of 2PG is hydrogen bonded to the sidechains of Glu168 and
Glu211, but these hydrogen bonds are not present in the protein-PEP system because of the
removal of this hydroxyl group (Figure S2B and Table S5). The hydrogen bonding
interaction between the ligand phosphate group and the protein residues also differs
significantly for these two ligands. For example, the O¢ atom in PEP has an additional
strong hydrogen bond with the Lys345 residue (Figure 2 and Table S5). Specifically, the
average distance between N of Lys345 and Oc is 0.6 — 1.2 A smaller for the protein-PEP
system than for the protein-2PG system in our simulations (Table S4). This observation is
consistent with the crystal structures 1ONE and 20NE, which indicate that this distance is
shorter by 0.3 and 0.7 A, respectively, with bound PEP compared to bound 2PG.15-16
Additionally, a similar trend is observed in the crystal structure 2AKM, which corresponds
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to phosphate bonded to human neuronal enolase.?® In this structure, the chain with two
Mg?2* ions has nearly identical hydrogen-bonding interactions between the protein and
phosphate group as the protein-2PG system, while the chain with only one Mg2* ion has a
smaller distance between N¢ of Lys342 (which corresponds to Lys345 in yeast enolase) and
the closest phosphate oxygen, as well as a rotated phosphate group (Figures S2 and S5). We
propose that the protonation of Lys345 during the dehydration reaction* may play a role in
rotating the phosphate group, perturbing the hydrogen bonding between the protein and
ligand, and inducing the loop opening in enolase.

In addition, the average number of hydrogen bonds between O and the protein is ~3 for the
protein-2PG system and less than 1 for the protein-PEP system (Table S5), illustrating the
attenuated hydrogen-bonding interactions between the phosphate group and the active site
loops L1 and L2 for the product compared to the substrate. For example, our microsecond
MD simulations indicate a strong, persistent hydrogen bond between His159 and the
phosphate group of 2PG. This hydrogen bond is not as persistent in the protein-PEP system
(Table S5). This observation is consistent with the crystallographic data illustrating that a
water separates His159 from the ligand when PEP is bound.29 We also observed significant
flexibility of L2 in both the protein-2PG and protein-PEP systems; for each system, the L2
loop opens in one of the monomers during the microsecond MD trajectory. This observation
is consistent with the diversity in the crystal structures, where the E-Mga2*-S, E-Mga2*-S-
Mgg?*, E-Mga2*-1-Mgg?* (1 is a model for the enol intermediate), and E-MgaZ*-P-Mgg2*
states exhibit both open and closed L2 loops. A survey of the loop conformations in
available crystal structures is provided in Table S6. Moreover, comparison of the computed
partial charges for the substrate and enol intermediate indicates that the additional negative
charge is delocalized onto the phosphate oxygen atoms as well as the carboxylate atoms
(Table S1), enabling stronger hydrogen-bonding interactions between the ligand phosphate
group and the active site loops. This observation is consistent with prior work indicating that
loops L1 and L2 play a role in stabilizing the transition states along the catalytic reaction
pathway by yeast enolase.18

To investigate the influence of substrate conversion to product on the flexibility of the active
site loops, we calculated the root-mean-square fluctuations (RMSFs) of the C, atoms in the
three loops for both systems. The RMSFs of these C, atoms in the protein-PEP system are
approximately twice as large as those in the protein-2PG system (Figure 3), indicating that
substrate conversion to product significantly enhances the flexibility of the loops. The
crystal structure 20NE also exhibits a partially disordered Ser39 and larger B factors for C,
atoms in residues 35-49, 157-163, and 245-265 when PEP is bound,8 implying greater
flexibility of the relevant regions of the loops.

To further study the influence of substrate conversion on the loop motions, we performed
free energy simulations corresponding to the opening of loop L1 for each system. The two
reaction coordinates used to represent this process are illustrated in Figure 4. The choice of
the first reaction coordinate, which is the distance between Mgg?* and the C,, atom of
Ser39, was straightforward. The choice of the second reaction coordinate, which is the
distance between the backbone O of Ala38 and the backbone N of Glu47, was based on the
observation that the open loop structure (PDB entry 1EBH,* corresponding to the E-Mga2*
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state) exhibits a hydrogen bond between the backbone O of Ala38 and the backbone N of
Glu47, whereas this distance is large in the closed loop structure (PDB entry 10NE,1®
corresponding to the E-Mga2*-S/P-Mgg?* state). The free energy pathways connecting the
closed and open loop conformations for the E-Mga2*-S-Mgg?* state and the E-Mga2*-P-
Mgg?2" state were calculated using these two reaction coordinates. To estimate the values of
the two reaction coordinates for the open loop conformation, the open loop structure of the
E-Mga?* state (PDB entry 1EBH) was superimposed on the closed loop structure of the E-
Mga2*t-S/P-Mgg?2* state (PDB entry 10NE), as depicted in Figure 4. After performing 2.8
us of umbrella sampling along these two reaction coordinates for each system, the potentials
of mean force (also denoted the free energy surfaces) were generated by unbiasing the data
using the weighted histogram analysis method (WHAM).2® Additional details of these free
energy simulations are provided in the SI.

The two-dimensional free energy surfaces illustrated in Figure 5 highlight significant
differences between the two systems. The loop opening process is substantially more
thermodynamically favorable for the protein-PEP system than for the protein-2PG system.
In particular, the opening process is endergonic, with a free energy increase of 3 kcal/mol,
for the protein-2PG system and is slightly exergonic, with a free energy decrease of 5 kcal/
mol, for the protein-PEP system. These results are consistent with the observation of the
closed loop in the E-Mga2+-S-Mgg?* crystal structurel® and the proposal that the loop
reopens for the release of Mgg2* and the product. Furthermore, Figure 5B indicates that the
protein-PEP system has an intermediate state located between the closed and open loop
states. This structure is similar to the crystal structure of the S39A mutant of yeast enolase
(PDB entry 1L8P),11 in which loop L1 is in a semi-closed state due to diminished interaction
between Ser390.,, which is in loop L1, and the active site (Figure S6).

To better understand the difference in the free energy change associated with the loop
opening process for the protein-2PG and protein-PEP systems, we performed hydrogen-
bonding analyses for loop L1 and the ligands (Table S7). This analysis indicates that the
average number of hydrogen-bonding interactions involving loop L1 is the same for both
ligands, and in both cases loop L1 forms ~2 more hydrogen bonds in the open loop
conformation than in the closed loop conformation (Table S7), suggesting that these
interactions are not responsible for the free energy differences. However, the average number
of hydrogen-bonding interactions involving the ligand is greater for the protein-2PG system
than for the protein-PEP system, mainly due to the hydroxyl group on 2PG, although the
number of hydrogen-bonding interactions remains the same for the open and closed loop
states in both cases. Interestingly, the hydroxyl group in 2PG hydrogen bonds to Glu168 and
Glu211 in the closed loop conformation but exhibits an internal hydrogen bond to the ligand
phosphate group that apparently prevents hydrogen bonding to Glu168 in the open loop
conformation (Table S8 and Figure S7). This internal hydrogen bond, which only forms for
2PG in the open loop conformation and prevents other stabilizing hydrogen-bonding
interactions, may be one of the reasons that the loop opening process is not
thermodynamically favorable in the protein-2PG system but is thermodynamically favorable
in the protein-PEP system.
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In summary, our MD simulations indicate that the substrate to product conversion in yeast
enolase alters the metal coordination in the active site and perturbs the hydrogen-bonding
interactions between the protein and the ligand, enhancing the thermal fluctuations and
flexibility of the active site loops in the product state. According to our free energy
simulations, the loop opening is significantly more thermodynamically favorable for the
product state, thereby facilitating the loop opening after catalysis, subsequently also favoring
product release. This increased understanding of the catalytic mechanism of yeast enolase
may be used to mutate this enzyme to alter its catalytic activity or specificity. To influence
the loop opening, our analysis suggests that mutating Gly37 to a larger residue may facilitate
the opening of L1 through steric effects, whereas mutating Ala38 to Ser may inhibit the
opening of L1 through enhanced hydrogen-bonding interaction with the substrate phosphate
group. In addition to playing an essential role in glycolysis, gluconeogenesis, and
fermentation processes, enolase is also a promising therapeutic target39 and a potential
biomarker of tumors.31-32 Hence, these insights could also be useful for drug design efforts.
More generally, highlighting the significant role of active site loop motions in enzyme
catalysis may serve as a guide for enzyme design in a wide range of applications.

Supplementary Material
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Figurel.

Schematic depictions of (A) proposed catalytic cycle, (B) comparison between the closed
and open loop states, and (C) proposed catalytic mechanism for yeast enolase. For part B,
the open loop structure (green) was obtained from the PDB entry 1EBH, which corresponds
to the E-Mga2" state, and the closed loop structure (orange) was obtained from the PDB
entry 1ONE, which corresponds to the E-Mga2*-S/P-Mgg?2* state. The structures were
superimposed by aligning the backbone C, atoms in the protein dimer. Only chain A is

shown for illustrative purposes.
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Elm 68
. Glu211

Figure 2.
Rgpresentative structures of the active site in (A) the protein-2PG system, and (B) the
protein-PEP system. Note that Lys345 is protonated in (B) but not in (A) based on the
proposed dehydration reaction mechanism.# The hydrogen bonds between the phosphate
group of 2PG or PEP and the protein, as well as between the hydroxyl group of 2PG and the
protein, are depicted with dashed lines. These structures were obtained from the
configurations at 360 ns in the production MD trajectories.
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The RMSF values of the C, atoms in the three loops of the protein-2PG (black) and protein-
PEP (red) systems. The solid and dashed lines correspond to Chains A and B, respectively.
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Figure4.
Reaction coordinates in (A) the closed loop structure of the E-Mga2*-S-Mgg?* state (PDB

entry 10NE), and (B) the open loop structure of the E-MgaZ2™ state (PDB entry 1EBH). The
reaction coordinates are represented by the dashed lines. The metal ions and loop colored
orange are from the closed loop structure, while the loop colored green is from the open loop
structure. The two structures were superimposed by aligning the C, atoms of the protein
backbone. The two reaction coordinates are as follows: (1) the distance between Mgg2* and
the C, atom of Ser39 and (2) the distance between the backbone O of Ala38 and the
backbone N of Glu47.
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Figureb.
Two-dimensional free energy profiles for the loop closing and opening processes in (A) the

protein-2PG system and (B) the protein-PEP system. For illustrative purposes, only free
energies within 20 kcal/mol of the lowest free energy are shown. The two reaction
coordinates are illustrated in Figure 4.
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