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Abstract

Chorismate mutases have extensively been used as computational benchmarking systems for
enzyme catalysis, yet the roles entropy and enthalpy play in catalysis are still not fully understood.
Thus, it is important to better understand these enzymes for potential research or industrial
applications. Here, we report the first crystal structure and kinetic characterization of a chorismate
mutase from Bacillus pumilus. This enzyme exhibits a high degree of similarity to a known
mesophilic chorismate mutase from Bacillus subtilis. Using this crystal structure, we further
employ EVB/MD simulations to construct Arrhenius plots, allowing us to extract thermodynamic
activation parameters. Overall, this study provides new insights into the structural and functional
features of the B. pumilus chorismate mutase and highlights its potential as a valuable enzyme for
biocatalytic and biotechnological applications.

Introduction

In order to better understand the mechanisms behind enzyme catalysis, it is important to know
the role the activation enthalpy-entropy balance plays in the reaction. The current hypothesis
regarding entropic contributions to enzyme activity proposed by Aqvist et al. is that the once-

popular Circe effect is an oversimplification! — activation entropies should not solely include
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contributions from a loss of translational and rotational entropies upon substrate binding, but also
need to account for entropic contributions from the reorganization of the surrounding enzyme
and solvent. A common model system used in understanding the balance of these activation
parameters in computational chemistry is the chorismate mutase enzyme. 2> Chorismate mutase
enzymes are found in bacteria, fungi, and higher plants, where they play a role in the Shikimate
pathway. The enzyme is responsible for the catalysis of the pericyclic rearrangement of
chorismate to prephenate, which proceeds through a chair-like transition state as seen in Figure
(?), which serves as a precursor for the biosynthesis of benzyl-containing amino acids
phenylalanine and tyrosine.® Further understanding of the roles activation enthalpy and entropy
play in enzyme catalysis serves as groundwork for fine-tuning catalytic rates and enzyme

stability for the rational design of enzymes to be used in industrial and scientific contexts.

Chorismate mutase enzymes are a common model system to study entropic and enthalpic
contributions to enzymatic reactions and are prevalent as a benchmark system for QM/MM
calculations. Despite this, there is still debate over how important entropic effects are in the
chorismate mutase reaction. Early studies by Gorisch indicate that the chorismate mutase
reaction in S. aurofaciens is primarily entropy driven. " However later studies on E. coli and B.
subtilis show a significant entropic contribution to the free energy but they are still enthalpically-
driven reactions. Hur and Bruice originally consider an electrostatic stabilization of the transition
state as the C1-Co distance decreases the formation of a near-attack conformer (NAC),
contributing to the catalytic effect of the enzyme. 8 On the other hand, Warshel et al. later argue
that this confirmation is likely a result of the electrostatic stabilization, rather than the formation
of a NAC. ?

Preorganization of the substrate into a compressed conformer appears to be a key component
underlying the enthalpy-entropy balance in chorismate mutase enzymes, thus understanding the
mechanisms leading to this conformer plays a vital role in understanding the role enthalpy and
entropy play in the reaction. There has been some work done in identifying key active site
residues contributing to the formation of this compressed conformer. In BsCM, substitution of
the positively charged Arg90 for a neutral Citrulline results in a significant reduction of Kcat,

while only moderately affecting Km, supporting electrostatic stabilization as a key mechanism in
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the catalytic reaction. ® 1% In the promiscuous enzyme PchB, a lower kcat in comparison to
monofunctional BsCM has been suggested to be the result of a less restrictive active site. This is
supported by an Ala38lle mutation in E. coli CM, ! increasing electrostatic stabilization and
resulting in a significant increase in kear. Additionally, Val35lle and Val35Ala mutations in
EcCM result in an increase in ket 0f 1.5 times and decrease in keat by about 2 times, respectively.
This suggests that chorismate mutase activity can be increased by favoring more restrictive
active sites, contributing to higher substrate preorganization and reducing the entropic penalty

paid in the reaction.

In this study, we present a new crystal structure for B. pumilus chorismate mutase (uniprot
AB8FEK3, BpCM) obtained from X-ray diffraction crystallography along with thermodynamic
activation parameters obtained from constructing an Arrhenius plot from UV-Vis spectroscopy
enzyme kinetics experiments. As a full understanding of the roles entropy and enthalpy play in
BpCM requires intimate knowledge of atomistic-level details, we further employ computer
calculations to elucidate the microscopic details of the enzyme-catalyzed reaction. For this, we
construct Arrhenius plots using the empirical valence bond method (EVB) in tandem with
molecular dynamics (MD) simulations to obtain free energy calculations of this reaction.
Compared to ab initio QM/MM methods, EVB maintains a high level of accuracy while
remaining less computationally intensive. 124 Combining this with molecular dynamics allows
us to obtain trajectories of the enzyme and substrate during the reaction. To construct the
Arrhenius plot from simulation data, we performed simulations at 7 evenly spaced temperatures

ranging from 283-313K on a microsecond-timescale.

Methods

Protein production and expression

The gene encoding the Bacillus pumilus AroH-type Chorismate mutase (uniprot ASFEKS3,
BpCM) with a dual C-terminal stop codon (TAATAA) was codon optimized for expression in
E.coli, synthesized and subcloned into pET22b by GenScript Biotech (Netherlands) B.V. The
plasmid was transformed into E.coli BL21 (DE3) Star (Invitrogen) using standard heat shock
protocol. Protein was produced in shake flasks using ZYP-5052 auto induction media with 50

pg/mL Ampicillin. Cells were grown at 37°C for 4-5 hours, before the temperature was reduced
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to 20 °C for overnight expression. Cells were harvested by centrifugation, 6000 rpm for 30
minutes. Cells were disrupted by sonication, for 15 minutes active at 40 % amplitude, 3/6 s
pulses on/off, 12 °C maximum temperature. The cell lysate was clarified by centrifugation,
20000 rpm for 45 minutes. The clarified cell lysate was loaded on a HisTrap FF 1 mL column
equilibrated with 50 mM HEPES pH 7.5 with 500 mM NaCl. Contaminating proteins were
eluted by a stepwise elution of 5 and 10 % buffer B containing 500 mM Imidazole and 500 mM
NaCl pH 7.5. The protein was eluted by 75 % buffer B. For polishing the concentrated fractions
were loaded on a Superdex 75 26/600 column equilibrated with 50 mM potassium phosphate pH
7.5. The main peak was concentrated to 1 mM concentration (as determined by UV280
measurements with the calculated extinction coefficient) and flash-frozen in liquid nitrogen for
storage at -20°C. SEC-MALS was performed with a Shimadzu UFLC system with a Wyatt dawn
8+ detector using Shodex HPLC Ib804/Ib805 columns with 0.1M NaNO3z with 20 mg/L NaNs as

running buffer at 50 °C using a protein concentration of 0.65 mg/mL.

Crystallization

From a set of four commercial crystallization screens from Molecular Dimensions multiple hits
were identified for BpbCM when screened at 1 mM. For optimization simple gradients of PEG-
concentrations were used and diffraction-quality crystals were obtained with 25 % PEG 1500
and 0.1 M MES pH 6.5. Diffraction data was collected using the MX14.2 beamline at the
BESSY Il electron storage ring at the Helmholtz-Zentrum Berlin fir Materialien und Energie
Data was processed in XDS.

Molecular replacement was performed with Phaser ° using the trimer of Bacillus subtilis
chorismate mutase 3Z08 ° as the search model. The solution was improved with Autobuild 16
before several cycles of semi-manual rebuilding in coot 17 and automatic refinement in

phenix.refine. 18

Chorismic acid assay

A 10.5 mM stock solution was used to make dilutions from 500 uM to 16 uM. The
concentration of BpCM was kept at 10 nM for the experiments. The concentration of chorismic

acid was followed at 274 nm, and concentrations were calculated using an extinction coefficient
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of 2630 mol-tcm™. Measurements were done with 1 cm UV-quartz cuvettes in a qChanger6
Peltier-cooled thermostat and sample-changer with a Cary60 UV/VIS spectrophotometer. The
velocities from triplicated measurements were fitted against the substrate concentrations with
non-linear regression using GraphPad PRISM 6.07 for Windows (GraphPad Software, La Jolla
California USA).

Differential scanning calorimetry

Using 50 mM potassium phosphate pH 7.5 as the buffer and reference the temperature range of

20-80°C was scanned at a rate of 1°C/min.

EVB Simulations

The X-ray crystal structure obtained in this study was used as the starting structure for our EVB
simulations. The chorismate substrate configuration was obtained by manually superimposing
the BpCM crystal structure with the structure of Arg90Cit BsCM with PDB entry 3ZP4. °
Topologies for the system were generated using the EVB/MM program Q*° interfaced with Qgui,
20 ysing the OPLS-AA/M force field to parameterize the enzyme. 2t A 38 A spherical boundary
centered on the protein center-of-mass was defined around the enzyme, which was filled with
TIP3P?2 water molecules to solvate the system. Before the production runs of EVB/MD
simulations, the systems were equilibrated by gradually increasing the temperature in 6 steps
from 1 K up until the final system temperature. Equilibration was performed in 1 fs timesteps,
with the first 5 equilibrations steps being ran for 10 ps, and the final step being performed for
100 ps. System temperature was controlled via coupling to an external heat bath?3 with a
relaxation time of 10 fs for the first 5 equilibration steps and 100 fs for the final equilibration
step and the production runs. A multipole expansion method (LRF)?* was used to calculate long-
range electrostatics, and nonbonded interactions were calculated using a 10 A cut-off. However,
reacting fragments in the catalytic center were free to interact with the entire system. The

SHAKE?® algorithm was used to constrain bonds and angles of solvent molecules.

The FEP umbrella sampling?® 2’ approach was used to calculate EVB free energy profiles.
Calculations were divided into 51 discrete FEP windows with a spacing of 0.02 between

chorismate (4 = 0) and prephenate (1 = 1). To parameterize the EVB Hamiltonian (parameters
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Aa and Hip), the uncatalyzed conversion of chorismate to prephenate in water was fit to an
activation free energy?® of AG* = 24.5 kcal/mol and AGo = -12.8 kcal/mol obtained from DFT
calculations. To obtain thermodynamic activation parameters for the enzyme, the
EVB/Arrhenius?® 2 approach was carried out at 7 evenly-spaced temperatures from 283-313 K.
At each temperature, 100 independent replicas were carried out for a total of 357 ns of simulated

trajectories.

Results and Discussion

Protein characterization

BpCM was expressed with reasonable yields of 5-10 mg per liter of culture and appeared to be
stable. From differential scanning calorimetry a single transition was observed with a Tr, of
65.5°C compared to 58.3°C for BsCM. No refolding was observed after cooling. SEC-MALS

confirmed that BpCM is a trimer in solution.
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Figure 1 Sequence alignment of BsCM (P19080) and BpCM (A8FEK3) shows an identity of 69%. Furthermore, the similarity
between the sequences is 93%.

Protein structure

The overall structure of BpCM is nearly identical to BsCM, with a RMSD value of 0.28 A over
717 atoms in the monomers. The RMSD value is surprisingly low as the sequence identity is
only 69%, which is on the order of two randomly selected structures of the same protein with
100% identity. However, the trimeric quaternary structure of these chorismate mutases may
enforce a certain structure in order to maintain the binding interfaces, forcing any mutations to be
compliant within the structural constraints. Calculating the electrostatics using the APBS3!
approach indicates that the BpCM chorismate binding site is more positive than its BsCM

homolog (Figure 1). Sitemap3? 33 calculations of the three binding pockets of the trimers also
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show that the ratio of hydrogen bond donors to acceptors are higher for the BpCM. Meanwhile
BpCM has a lower calculated pl than BsCM (5.33 compared to 5.6) and fewer positively charged

amino acids (14 compared to 16) showing that this is a local effect.

Figure 2 Electrostatics of BpCM and BsCM trimers indicate that the chorismate binding pocket is more positively charged in
BpCM than in BSCM. Units given in kT/e
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Figure 3 Comparison of binding pockets using SiteMap shows that the donor/acceptor ratio is higher for BpCM than for BsCM

Reference Reaction and Calibration of EVB Hamiltonian


https://doi.org/10.1101/2023.04.20.537678
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.04.20.537678; this version posted April 21, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

To calibrate the EVB Hamiltonian, we require activation and reaction free energies of the
reference reaction of chorismate to prephenate in an aqueous environment, obtained from
experiment or QM/DFT calculations. The activation enthalpy and entropy were first calculated
for the uncatalyzed conversion of chorismate to prephenate in agueous solvent using EVB. To
obtain the EVB Hamiltonian parameters, reactions at 298 K were fit to the experimental
activation free energy of the reaction (24.5 kcal/mol)? and the reaction free energy obtained
from DFT calculations (-13.3 kcal/mol), which was unavailable experimentally. The resulting fit
produced an intrinsic gas-phase energy of the resonance structure of Aa =-94.7 and an adiabatic
mixing parameter for valence bond states of Hi>= 86.8. These parameters were used to construct
an Arrhenius plot by performing EVB calculations at 6 other temperatures. A linear regression of
the resulting free energies yielded an activation enthalpy and entropy of AH* = 20.9 kcal mol*
and TAS* = 3.4 kcal mol™?, respectively. Existing experimental and computational activation

parameters are in excellent agreement with these values.

Activation Parameters of B. pumilus Chorismate Mutase
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Figure 4: Arrhenius plots from 283-313 K comparing spectrophotometry (black) and EVB results
for BpCM to EVB results of the reaction in an aqueous environment (blue).

Using the same Ao and Hio calibrated on the uncatalyzed reaction, we performed EVB
simulations on BpCM at 7 different temperatures ranging from 283-313 K, from which an
Arrhenius plot was constructed. Fitting AG*T vs. 1/T using a linear regression, we obtained
thermodynamic activation parameters of AH* = 12.9 + 0.5 kcal mol™* and TAS*=-2.1 + 0.5 kcal
mol. An Arrhenius plot and similar regression of experimental results, obtained by fitting In(k-
cat) Versus temperature values obtained from UV/VIS spectroscopy in a chorismic acid assay,
yielded activation parameters of AH* = 13.1 + 0. kcal mol* and TAS*=-2.1 + 0.5 kcal mol™. The
thermodynamic activation parameters predicted from the Arrhenius plot approach applied to both

simulation and experimental results are in excellent agreement with each other.
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Table 1: Thermodynamic activation parameters for the chorismate mutase (CM) reaction
(chorismate = prephenate) in water (uncatalyzed) and catalyzed by chorismate mutase enzymes
from B. pumilus (BpCM) and B. subtilis (BsCM).

AG? (kcal/mol)  AH* (kcal/mol)  TAS* (cal mol* K1)

Uncatalyzed

Experimental? 24.5 20.7 -3.8

EVB 244+ 0.6 209+04 -3.4+04
BpCM

Experimental 15.2 13.1 -2.1

EVB 15.0+£0.7 129+0.5 -2.1+ 0.5
BsCM

Experimental® 15.4 12.7+0.4 -2.7+0.4

EVB 158+ 1.2 129+ 0.8 -29+0.3

aAndrews et al.28 P Kast et al. 34

Compared to the related chorismate mutase enzyme from B. subtilis (BsCM), which shares a
69% sequence identity and 93% similarity to BpCM, the thermodynamic activation parameters
also indicate that like BsCM, BpCM is likely a mesophilic enzyme, despite other enzymes from
B. pumilus exhibiting psychrophilic behavior. 3% 3¢ The activation free energy for BpCM is less
than 1 kcal mol lower than reported values for BsCM, both experimentally and
computationally. The activation enthalpies of both enzymes are the same within reported errors,
thus the difference in AG* is likely a result of BpCM having a lower TAS* of about 0.6 kcal mol*
at 298 K.

Structural Analysis of the Catalytic Effect of B. pumilus Chorismate Mutase

To further understand the mechanisms contributing to the catalytic effect in BpCM, we compare
it to the structure to of BsCM, which has been well documented. According to our analysis of the
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thermodynamic activation parameters of the two enzymes, the differences between the two
appears to mostly due to entropic effects, as the activation enthalpies of the two enzymes are

remarkably similar.

Figure 4: Active site comparison of BsCM (green) and BpCM (blue) with the transition state
complex (yellow) obtained from the trajectory of MD simulations showing the highly conserved

residues of interest.
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Figure 5: Ligand interaction diagrams of (A) BsCM and (B) BpCM showing a high degree of
similarity in the active sites of the two enzymes.

An analysis of the active sites using a 2D ligand interaction diagram (Figure 5) generated in
Maestro (Schrodinger Release 2019-3) ¥ indicates a highly similar active site between the two
enzymes, with identical hydrogen bonding between active site residues in both enzymes and the
substrate, with the exception of the presence of an additional hydrogen bond in the case of
BpCM, between Cys75 and the hydroxyl group attached to the C4 atom on the substrate.
However, an analysis of trajectories generated from the molecular dynamics portion of our EVB
simulations indicates a distance of 3.2 + 0.2 A between the main chain amide proton in Cys75 of
BsCM, compared to a distance of 2.9 + 0.2 A with the corresponding Cys75 in BpCM (Figure 6).
This is indicative that there is also hydrogen bonding present between this residue and the
substrate in BsCM, however it lies outside of Maestro’s distance cut-off. Hydrogen bonding
between these residues and the C4-OH are responsible for an elongation of the Cs-O7 bond in
chorismate, leading to a stabilization effect in the transition state of the substrate.*® Mutagenesis
studies where the Glu78 was mutated to residues disrupting this hydrogen bonding indicate a
reduction in the catalytic rate of BsCM, supporting the role for these residues in the catalytic

effect of the enzymes.
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Figure 6: Heavy atom distances between the substrate hydroxyl group on C4 and amide protons

of Cys75 (BpCM in redBsCM in cyan) throughout the course of the chorismate mutase reaction.

Furthermore, a large negative charge is generated on the ether oxygen (the O7 atom, see

FigureX) in the transition state by the elongation of the Cs-O7 ether bond. In BpCM, the
proximity of Arg90 likely provides a positive charge to counterbalance this effect. This
corresponds directly to the Arg90 in BsCM fulfilling the same function due to the high active site
similarity. Thus, the presence of these arginines in the active site is likely to help provide a

positive charge stabilize a negatively charged region in transition state.

Formation of the C1-Cq bond is crucial in the formation of prephenate. To form this bond, the
pyruvate moiety in the transition state must maintain a proper orientation with respect to the
cyclohexadienyl moiety. Mutagenesis studies on a related E. coli CM show a 10* reduction in
keat/Km When residues orienting the pyruvate moiety were mutated to prevent proper alignment

during the transition state. *° To maintain the proper orientation, Arg7 and Tyr108 in BpCM
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form strong ionic and hydrogen bonds with the pyruvate moiety in the transition state. Similarly,
in BsCM these bonds to the pyruvate moiety are made with the same Arg7 and Tyr108.

In comparison to identifying enthalpic contributions in chorismate mutase enzymes, finding
structural differences between the enzymes leading to the difference in activation entropies are
much more subtle. As a first step, we constructed RMSF plots showing fluctuations of C, atoms
in B. pumilus chorismate mutase in comparison to those in B. subtilis chorismate mutase
throughout the course of our molecular dynamics simulations (Figure 7). As the two enzymes
have high similarity, there is a strong overlap between the two plots in most regions. However,
there are a few regions where the RMSF plots differ, indicating regions of interest for identifying

entropic contributions to the reaction.
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Figure 7: Root mean square fluctuations of C,atoms in BpCM (red) versus BsCM (cyan).

A breakdown of internal energetics of the interactions between EVB atoms and surrounding

atoms

Table 2: Total potential activation energy within the reacting region and surroundings (in
kcal/mol at 298 K) for the chorismate mutase (CM) reaction (chorismate = prephenate) in water


https://doi.org/10.1101/2023.04.20.537678
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.04.20.537678; this version posted April 21, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

(uncatalyzed), and catalyzed by CM from B. pumilus (BpCM) and from B. subtilis (BsSCM),
respectively.

AH?* AU AU
Uncatalyzed 20.9 -79.2 100.1
BpCM 12.9 155 -2.6
BsCM 12.9 14.6 -1.7

*Subscripts rr, rs, and ss denote interactions between atoms in the EVB region, interactions
between this region and surroundings, and internal interactions within the surroundings,
respectively.

Concluding remarks

We have presented a new crystal structure and accompanying characterization of thermodynamic
activation parameters for a new chorismate mutase enzyme from Bacillus pumilus. The sequence
and structure show high similarity to the previously characterized B. subtilis chorismate mutase.
Thermodynamic activation parameters obtained from experiment and molecular simulation,
along with an accompanying structural analysis, show enthalpic contributions to the reaction
pathway are identical, but there exists a small difference in activation entropy between BpCM
and BsCM.

Understanding the thermodynamic activation parameters and the underlying structural details is a
crucial component leading to rational enzyme design. Understanding the way in which residues
in the enzyme contribute to enthalpic and entropic effects in the chorismate mutase reaction
establish BpCM as a possible starting point in the design of psychrophilic or thermophilic

chorismate mutase enzymes.
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