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Abstract

The single residue mutation of butyrylcholinesterase (BChEg1171) hydrolyzes a number of
organophosphosphorus (OP) anticholinesterases. While other active site/proximal mutations have
been investigated, none are sufficiently active to be prophylactically useful. In a fundamentally
different, computer simulation-driven strategy, we identified a surface peptide loop (residues 278—
285) exhibiting dynamic motions during catalysis and modified it v/a residue insertions. We
evaluated these loop mutants using computer simulations, substrate kinetics, resistance to
inhibition and enzyme reactivation assays using both the choline ester and OP substrates. A slight
but significant increase in reactivation was noted with paraoxon with one of the mutants, and
changes in Ky and catalytic efficiency were noted in others. Simulations suggested weaker
interactions between OP versus choline substrates and the active site of all enzymes. The results
indicate that improvement of OP anticholinesterase hydrolysis through surface loop engineering
may be a more effective strategy in an enzyme with higher intrinsic OP compound hydrolase
activity.
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SUPPORTING INFORMATION:

Sixteen video clips showing the 200 ns MD simulations between BChEg117H and loop-mutant enzymes against a choline substrate
(BCh) and OP substrates (paraoxon, echothiophate, and DFP).
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engineered
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l native loop: FVV-PY-GT-P  k;=1.27£0.11 min’
engineered: FYWVEPYNGTAP k;=1.91 £0.18 min!
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INTRODUCTION

Improved therapies to counteract the toxicity of organophosphorus (OP) anticholinesterases
have been sought for decades. OP anticholinesterases are commonly used as insecticides.
The OP nerve agents such as sarin (2-[fluoro(methyl)phosphoryl]oxypropane) also act as
potent anticholinesterases and are some of the most toxic synthetic chemicals ever created.
Sarin and or VX (N-[2-[ethoxy(methyl)phosphoryl]sulfanylethyl]-N-propan-2-ylpropan-2-
amine) have been used in the Irag-lIran civil war (1980s), the Aum Shinrikyo cult terrorist
attacks in Japan (1994-95), the Syrian civil war (2013), and in the assassination of Kim Jong
Nam (2017). More recently, one of a group of highly potent and lesser characterized
chemicals referred to as Novichok agents was used in an attempted assassination of a former
Russian spy, Sergei Skripal (2018)1-3,

OP insecticides and nerve agents elicit acute toxicity primarily through inhibition of
acetylcholinesterase (AChE), leading to increased synaptic acetylcholine levels,
overstimulation of the cholinergic receptors within the central and peripheral nervous
systems and consequent signs of toxicity including increased secretions from
parasympathetic end organs, tremors, seizures, respiratory depression and death?:.
Intoxicated individuals are generally treated with atropine (a muscarinic receptor
antagonist), an oxime (e.g., pralidoxime, to reactivate inhibited AChE molecules), and a
benzodiazepine (e.g., midazolam) to suppress seizures®. While current treatments can
prevent lethality when given early after exposure, long-term neurological deficits have been
demonstrated following severe OP anticholinesterase intoxication despite therapeutic
intervention’-8, Thus, alternative and/or adjunctive treatments are being actively investigated.

Bioscavengers for OP anticholinesterases are proteins that bind to and inactivate the
toxicants in the circulation before they can reach systemic target organs to elicit cholinergic
toxicity. Bioscavengers were first tested for protection against OP compound toxicity by
Wolfe and coworkers (1987)°. There are two types of bioscavengers: stoichiometric and
catalytic. While stoichiometric scavengers bind OP molecules in a near 1:1 ratio, catalytic
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scavengers can reactivate following phosphylation by the OP, making them potentially much
more efficient. Enzymes that catalyze OP anticholinesterases naturally (e.g.
organophosphorus acid anhydrolase, paraoxonase, phosphotriesterase) have been purified
and tested but often suffer from issues such as low catalytic rate, limited substrate selectivity
and immunogenicityl%11, The stoichiometric bioscavenger enzyme butyrylcholinesterase
(BChE) has essentially no effective catalytic rate with any OP substrates but exhibits a
widespread binding affinity for them. Moreover, it has been demonstrated to be safe and
effective with little immunogenicity at high doses!213, Due to its stoichiometric interaction
with an OP anticholinesterase, however, a very large dose of the enzyme is required,
resulting in economic barriers preventing its widespread use as a prophylactic agent.

Kinetically, OP toxicants interact with BChE in a manner similar to choline esters4. A
Michaelis complex is initially formed (described as the ratio of association vs dissociation,
kil k_1) which rapidly progresses to acylation (in the case of choline ester) or phosphylation
(in the case of an OP inhibitor, 4»). The subsequent kinetic step (k3) is markedly different
between choline and OP substrates. In deacylation, a histidine-bound water molecule rapidly
displaces the acyl group from the catalytic serine residue in the active site. In
dephosphylation, the histidine-bound water molecule is sterically hindered from displacing
the phosphorus atom, thus it remains covalently attached to the active site serine. While
rapid deacylation with a choline substrate allows return of the enzyme to an effective
catalyst, the slow dephosphylation step leaves the catalytic reaction blocked, allowing
accumulation of acetylcholine, prolonged activation of cholinergic receptors and cholinergic
toxicity.

It was proposed over three decades ago that introduction of an alternative histidine near the
active site serine may facilitate OP toxicant hydrolysisl4. Subsequent evaluation of a series
of single point mutations in the oxyanion hole of BChE to histidine found one mutant
(BChEg117H) With a marked increase in reactivation with a number of OP
anticholinesterases®16. Despite showing increased catalysis compared to the native enzyme,
the turnover rate of BChEg117H (kcat = 0.75 min~1 with paraoxon) remained much too low
to be an effective catalytic scavenger in vivol!. For comparison, the turnover rate of human
serum paraoxonase against paraoxon is 340-660 min~1, while the most active bacterial
phosphotriesterases have a rate of 124,200 min~1 1819, Since the characterization of
BChEg117H, Over 60 BChE mutants have tested the effects of alternating histidine positions,
changing amino acids at the 117 position, adding positive charges in BChEg117n, and
introducing negative charges to increase the nucleophilicity of histidine, among others20. To
date, no other mutants have shown significant improvements compared to BChEg117H-

An emerging concept in enzyme function is that dynamic motions of peptide sequences on
an enzyme’s surface, distant from the active site region, can influence the rate of a catalytic
reactionL. It has been proposed that catalytic rate is affected by thermodynamical coupling
of the hydration-shell, the bulk solvent, and the catalyzed reaction?2. For a number of
enzyme systems, networks of conserved residues have been discovered that span from the
surface of the protein to the active site region, effectively coupling with the catalytic reaction
mechanism?3, In fact, enhancing energy flow through these networks may be a general
approach for increasing enzyme-mediated catalysis. Conformational fluctuations in such
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peptide networks were shown to coincide with catalysis in the serine hydrolase lipase B
from Candlida antarctica, which utilizes the same catalytic triad as BChE and other serine
hydrolases?4. Importantly, insertion of a photosensitive azobenzene bridge joining the
flexible surface loops on C. antarctica lipase B allowed enhanced photostimulation of
catalysis. It is proposed that within limits, energy transfer from the surface loop to the
catalytic site is influenced by the sequence, quantity and physicochemical nature of the
peptides within the network. Thus, increasing the length of this loop and facilitating its
interaction with the solvent is hypothesized to increase catalytic activity by increasing
energy transfer. We hypothesized that applying these principles to BChEg1174 Would aid in
the development of a rationally designed mutant with increased catalytic activity toward OP
anticholinesterases.

Herein, we report computer simulations with BChEg1174 that identified a catalysis-
associated, dynamic surface peptide network at residues 278-285. We hypothesized that
increasing the number of amino acids in this network with long side-chain, hydrophilic
residues could lead to higher energy transfer to the catalytic site and increased catalytic
activity. Five BChEg1174 l0oop mutants were constructed and evaluated for kinetics of
choline and OP substrate hydrolysis, resistance to inhibition and dephosphylation rate
constants (43) using three OP anticholinesterases (paraoxon, echothiophate [EthP] and
diisopropylfluorophosphate [DFP]).

A number of substrate-specific differences were noted between BChEg117H and the five
loop mutants tested, including a minimal but statistically significant increase in the
dephosphylation rate constant with one loop mutant particularly when paraoxon was used as
the substrate. The results provide initial evidence that modifying a surface peptide network
on BChEg117H can indeed alter its Kinetic interactions with OP substrates. Simulations
suggested however that in contrast to the choline ester substrate, OP substrates had poor
affinity for the active site region which is likely pivotal in the observed low catalytic rate of
BChEg1171 and the loop mutants studied.

MATERIAL AND METHODS

Chemicals and reagents:

Figure 1 shows the chemical structures of the three OP toxicants studied. Paraoxon (O,0’-
diethyl-p-nitrophenyl phosphate; PO) (98.6% purity by HPLC) was purchased from
ChemService (West Chester, PA). A 10 mM stock solution of paraoxon was prepared in
100% dry ethanol and kept desiccated under nitrogen at —80°C until use.

Diisopropylfluorophosphate (2-[fluoro(propan-2-yloxy)phosphoryl]oxypropane; DFP) (99%
purity by NMR) was kindly provided by Derik Heiss at Battelle Memorial Institute
(Columbus, OH) and stored as provided at ~80°C25. Echothiophate iodide (2-
diethoxyphosphorylsulfanylethyl(trimethyl)azanium; EthP) was originally obtained from
Wyeth Ayerst and was a kind gift from Dr. Oksana Lockridge (University of Nebraska,
Omaha, NE)28:27, Butyrylthiocholine iodide and all other chemicals and reagents were
purchased from Sigma-Aldrich (St. Louis, MO).
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Computer simulations and analysis:

Molecular dynamics (MD) simulations were performed to model native and engineered
BChEg117H in complex with OP (PO, EthP and DFP) and choline (butyrylcholine, BCh)
substrates in explicit water solvent. Note that the native enzyme considered for all modeling
studies includes the G117H mutation, as it is required for catalytic activity. Model
preparation and simulations were performed using the AMBER v14 suite of programs for
biomolecular simulations?®. AMBER’s 7145829 force-fields were used for all simulations.
The parameters for the substrates were obtained using the protocol described in the AMBER
manual. MD simulations were performed using NVIDIA graphical processing units (GPUs)
and AMBER’s pmemd.cuda simulation engine using our lab protocols published
previously30:31,

A total of twenty-four separate simulations were performed, based on the combination of
native and engineered versions of BChEg117H in complex with PO, DFP and EthP, as well as
with BCh. The enzyme was modeled based on the coordinates available in the protein data
bank (PDB ID: 4BDS)32. The substrates were modeled based on the diester substrate
coordinates for acetylcholine coordinates (PDB I1D: 2ACE)33, the template for the diester
bond was used and the remaining crystal structure and the atoms were added by AMBER’s
leap program based on the substrate template developed using AMBER’s protocol. After
processing the coordinates of the protein and substrate, all systems were neutralized by
addition of counter-ions and the resulting system were solvated in a rectangular box of
SPC/E water, with a 10 A minimum distance between the protein and the edge of the
periodic box. The prepared systems were equilibrated using a protocol described
previously34. The equilibrated systems were then used to run 200 nanoseconds (ns) of
production MD under constant energy conditions (NVE ensemble). The production
simulations were performed at a temperature of 300 K and a time-step of 2 femtoseconds
(with SHAKE applied to bonds and angles involving hydrogens). The production runs were
performed under NVE conditions as this ensemble offers better computational stability and
performance for longer MD simulations3®. As NVE ensemble was used for production runs,
these values correspond to initial temperature at start of simulations. Temperature adjusting
thermostat was not used in simulations; over the course of 200 ns simulations the
temperature fluctuated around 300 K with RMS fluctuations between 2—4 K, which is
typical for well-equilibrated systems. A total of 10,000 conformational snapshots (stored
every 20 ps) collected for each system was used for analysis.

Modeling the hydrolysis reaction catalyzed by BChE: The enzyme mechanism of
OP substrate hydrolysis by BChE has been previously investigated in detail by Zhan and
coworkers based on quantum mechanical-molecular mechanical (QM/MM) modeling38.
However, QM/MM studies of enzyme reactions are computationally expensive, particularly
when the goal is to identify role of dynamics of distal residues. Therefore, to characterize the
protein dynamics associated with the BChE enzyme mechanism, we performed with the
faster classical (MD) simulations for a simple 4-state model of the reaction pathway. This
pathway was described by the reactant state, two intermediate states and the product state for
BChEg1171 and used BCh as the model substrate, in order to identify intrinsic dynamics of
BChE regions associated with the catalyzed reaction. The two intermediate states were
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modeled based on the previous acetylcholinesterase studies3’. As classical MD simulations
do not sample higher energy conformations adequately, we used the approach of applying
restraints on important interatomic distances involved in the reaction mechanism during the
MD simulations, which allows modeling of intermediate states (and transition states) with
molecular mechanics and classical force-fields. This approach has been successfully used for
investigating cocaine hydrolysis by BChE in the past38:39, Four separate MD simulations
(based on the protocol described above) were performed for each of these states, each 100 ns
in duration. See supporting information for further details.

Further, an additional MD simulation of 100 ns with paraoxon, as a prototype OP substrate,
was also analyzed for loop regions of large protein flexibility. Paraoxon was selected for
modeling of dynamics, as other detailed experimental studies (see resistance to inhibition
described below) were performed with this substrate, and it is often used in comparative
studies of OP anticholinesterase toxicity and cholinesterase biochemistry. The MD
simulation with paraoxon as substrate was only performed in the reactant state, and the
regions of large dynamical flexibility were found to be same as the ones when native
substrate BCh was present. Therefore, results from 4-state models with OP substrate are
expected to be similar to the ones with native BCh substrate.

RMSF;g calculations for protein dynamics: The aggregated root-mean-square-
fluctuations for top 10 quasi-harmonic modes (RMSF;p) were used to calculate protein
flexibility. It is well known that the slowest 10 modes contribute to the majority of
fluctuations in proteins (>80%) and the use of RMSF, instead of all modes, removes the
faster stochastic motions of the protein, allowing focus on intrinsic dynamics of proteins*C.
Both these calculations were performed using AMBER’s ptraj analysis program. All
trajectory conformations were first aligned to a common structure, to remove any translation
and overall molecular rotation during the simulations.

Enzyme-substrate interactions: The energy for the enzyme-substrate interactions was
calculated as a sum of electrostatic and van der Waals energy between atom pairs. This
protocol was previously developed to investigate other protein-substrate systems3441,

Epro—subs = Z (Eel + Evdw) 1)

E,yis the electrostatic contribution, £, is the van der Waals term and the summation runs
over all atom pairs for the protein-substrate complex. The £, and £, terms were
computed as follows,

_ 4 _Au_ By
Eel = £(r)r,~j and Eudw = riljz Vl'6- 2)

where g;are partial charges, and A;, Bjjare Lennard-Jones parameters. These parameters
were obtained from the AMBER force field. A distance-dependent dielectric function was
used:
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B
* 1+k exp(—ﬁBr,-j) @

6(r,~j) =A

B= g4 A; e,~78.4 for water; A= —8.5525; 1=0.003627 and k=7.7839.

All enzyme and substrate atom pairs were included in the calculations and resulting
interaction energies were summed up per residue pair. The energies were calculated for
10,000 snapshots, every 20 ps, sampled during the full 200 ns simulation and were averaged
over these 10,000 snapshots.

Expression and purification of BChEg1174 and loop mutants:

We constructed a monomeric BChEg1174 mutant (control with no insertions) and six
monomeric BChEg1174 l0op mutants with three residue insertions into the residues 278-285
sequence with an identity of ENX, keeping glutamate and asparagine insertions constant but
varying “X” with one of six different amino acids (A, G, I, P, R, and T). The constructs of all
seven were cloned into the pMFHG6 vector to express the mutants with a hexahistidine tag at
the C-terminus. /n vivo transposition of the expression cassette into a bacmid in DH10Bac
cells, isolation of recombinant bacmid DNA, and transfection of the recombinant bacmid
DNA into Spodoptera frugiperda ST9 cells to generate recombinant baculovirus were
performed according to the Bac-to-Bac Baculovirus Expression System (Invitrogen Life
Technologies), The baculovirus stock was then amplified and tittered to infect Sf9 cells for
large-scale expression of mutants. The expressed proteins, secreted in the medium, were
purified using a Q Sepharose Fast Flow column followed by a Ni2*-NTA agarose column.
Protein concentrations were determined on a NanoDrop Spectrophotometer (Thermo
Scientific ND1000).

Substrate kinetics with BTCh:

Enzyme activity with the choline substrate was evaluated using a modified Ellman method?2
using butyrylthiocholine (BTCh) as the substrate. The final concentration of BTCh was
varied between 10 uM and 1 mM and change in absorbance was monitored at 412 nm for 5
min at 37°C using a Spectramax M2 microplate reader (Molecular Devices; Sunnyvale, CA).
Enzyme activity was estimated based on the rate of appearance of the reaction product, 2-
nitro-5-thiobenzoate (e = 14,150 M~ cm~1) and was uniformly corrected for non-enzymatic
substrate hydrolysis using enzyme-free controls. Viax and Ky, were determined using non-
linear regression with the Michaelis-Menten equation. Turnover number, A5, Was calculated
using the relationship Vinax = Acat[E], where [E] represents the concentration of BChE active
sites in the reaction.

Resistance to inhibition assay:

Resistance of BChEg117H and the loop mutants to inhibition by the OP toxicants was
evaluated similar to Wang and associates (2004)26. Working enzyme solutions were prepared
prior to assay (2 pg/ml in 100 mM potassium phosphate buffer, pH 7.0). Twenty ng of
BChEg117H Or one of the loop mutants was added to either vehicle or paraoxon (50 uM),
diisopropylfluorophosphate (5 uM) or echothiophate (100 uM) and allowed to pre-incubate
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for 10 min in a 96-well plate containing buffer (L00 mM potassium phosphate, pH 7.0) and
DTNB (0.5 mM). Following pre-incubation, 20 ul of BTCh (1 mM final concentration) was
added to begin the reaction and enzyme activity was assayed as described above and plotted
as percent of the respective vehicle control over time.

Reactivation rate (k3) determination:

Hydrolysis of OP compounds by BChE proceeds as shown in Figure 2.

The relative rate of dephosphylation (4s), a measure of an enzyme’s ability to reactivate after
inhibition, can be used as an indicator of the catalytic rate. The k3 values of BChEgq174 and
the loop mutants were determined as described by Lockridge and colleagues®. In brief, an
equal volume of enzyme (20 pg/ml in 100 mM potassium phosphate buffer, pH 7.0) and an
OP inhibitor (10 mM paraoxon or echothiophate) were pre-incubated for 1 min to achieve
saturation of all enzyme active sites. Following incubation, a 5 ul sample was removed,
rapidly diluted 400-fold into a cuvette containing the reaction components (0.5 mM DTNB
and 1 mM BTCh in 100 mM potassium phosphate buffer, pH 7.0) and gently mixed. This
large dilution reduces the final OP toxicant concentration to below its Ky, allowing
dissociation of any OP molecules from the reversible Michaelis complexes. Reactivation of
the covalently bound enzyme was then followed at 412 nm at 37°C as described above. If
the extent of reactivation was incomplete, the equation provided by Hovanec and colleagues
was used as a correction for the observed A5*3. As this assay is highly time-sensitive, the
timing between sample transfer and initiation of absorbance readings was kept constant at 5
sec.

Paraoxon hydrolysis:

Hydrolysis of the OP substrate paraoxon was determined using a direct photometric assay
similar to that of Lockridge and colleagues!®. BChEg1174 and the loop mutants were diluted
to 0.06 mg/ml using PBS. A stock solution of paraoxon (in dry ethanol) was diluted on the
day of assay and added to the reaction in final concentrations between 10-500 uM (with 5%
v/v ethanol included in all reactions). The final reaction volume of 100 pl contained 7.5 pl
diluted enzyme and 72.5 pl 100 mM and 50 mM potassium phosphate buffer (pH 7.0), with
the reaction being initiated by adding a 20 ul aliquot of paraoxon. The p-nitrophenol
produced by hydrolysis of paraoxon was monitored at 405 nm for 1 h at 37°C. The
extinction coefficient of p-nitrophenol (e = 18,500 M~ cm™1) was used to determine
enzyme activity, corrected by subtracting non-enzymatic hydrolysis. Kinetic parameters
were determined using non-linear regression with the Michaelis-Menten equation.

Statistical Analyses:

Differences in substrate kinetics parameters with both BTCh and paraoxon were evaluated
using one-way ANOVA. For the resistance to inhibition and reactivation rate (43) assays,
statistical differences were determined using two-way ANOVA with enzyme and OP
inhibitor as main effect variables. In all cases, a post hoc Dunnett’s multiple comparisons
test was performed to determine differences among BChEg1174 and the loop mutants. All
statistical tests were conducted using GraphPad Prism software for Windows (La Jolla, CA),
version 6.0.
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RESULTS

Loop engineering:
For BChEg1171 We identified two surface loops (residues 278-285 and 375-382) by
computational modeling that showed large, dynamical motions coupled with the hydrolysis
of substrate in the active site. The octapeptide comprising residues 278-285
(3"8FVVPYGTP285) in particular showed enhanced catalysis-associated dynamics. We
therefore selected this loop as our initial target of engineering. We hypothesized that
increasing the length of this loop through insertions of residues with long hydrophilic side
chains to increase the surface area for thermodynamical coupling would improve the rate of
catalysis of BChEg117H. To address the concern regarding change of secondary structure of
the surface loop with insertions of the residues as well as to obtain ideas of suitable residues
at these sites, we performed a BLASTP search, which identified a subject annotated as
serine carboxypeptidase with the matched sequence of 78FVVEPYNGTIP88. Unfortunately,
a structure of this protein was not available. A homology search with the identified serine
carboxypeptidase, further identified wheat serine carboxypeptidase (PDB code 1BCR),
whose structure indicates the corresponding region is on the surface as a partial loop. Based
on this additional information, we postulated that inserting an additional three residues, a
glutamate between V280 and P281, an asparagine between Y282 and G283, and a variable
residue between T284 and P285 of BChEg1174 Would enhance dynamics and increase
interaction with the solvent without significantly affecting the overall protein structure
(Figure 3). Instead of using a fixed residue I in the third position, we incorporated VNK in
the primer to encode a wild card residue (A, D, E, G, H, |, K, L, M,N,P,Q, R, S, T, or V).

Number of residues inserted in engineered loop: Figure 4 shows results of
computational modeling to characterize the effect of increasing the length of the engineered
loop on dynamics. Starting from the BChEg117H, one (E), two (E, N) and three (E, N, 1)
residues were inserted in the positions described above. Computational modeling based on
MD simulations indicated that the dynamical flexibility increased markedly with insertion of
three residues, while inserting only one led to a slight increase and inserting two showed a
slight decrease. These results indicate that insertion of selected residues into the loop
sequence may “fine tune” the structure enabling more interactions and increased loop
dynamics, as predicted.

BTCh substrate kinetics: First, the activity of all six loop mutants with
butyrylthiocholine (1 mM) was markedly lower than noted with BChEg1174 expressed and
purified in the same manner (mean U/mg protein £ SD: BChEg117H, 110.8 £ 5.4; ENT, 41.9
+4.8; ENG, 41.7 £ 3.2; ENA, 20.4 + 1.6; ENI, 19.9 + 2.2; ENR, 16.9 £ 0.9; ENP, 5.5 + 0.8).
The mutant ENP was computationally considered but its catalytic activity with
butyrylthiocholine was so low that kinetic analyses proved difficult (the results were highly
variable), and thus we did not evaluate ENP further.

Table 1 shows the kinetic parameters (Acatr, KM, and Agq/ Kv) determined from the hydrolysis
of butyrylthiocholine by BChEg1171 and BChEg1174-derived loop mutants (n = 3 for each
enzyme preparation). The turnover rate with BTCh was significantly reduced (40-84%) in
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all enzymes with loop insertions compared to BChEg1174 (Fs 156 = 5.25, p = 0.0002). A
significant effect was also found in Ky values (Fs 156 = 58.1, p < 0.0001). Post hioc analysis
indicated that ENG and ENR mutants had a significantly higher Ky, in comparison to
BChEg117H. These parameters together as the ratio Agi/ Ky suggest that the catalytic
efficiency of the loop mutants was reduced compared to BChEg117H. Note that the mutants
were designed based on computational identification of increased dynamics of the loop
region during modeling of paraoxon hydrolysis.

Resistance to inhibition: To evaluate enzyme-OP toxicant interactions, we first
evaluated the enzyme’s ability to resist inhibition by a high concentration of an OP
anticholinesterase following a 10-min incubation period, as shown in Figure 5. Preliminary
assays allowed selection of OP toxicant concentrations that achieved near complete
inhibition of BChEg117 (>99%; data not shown). Under these conditions, using paraoxon,
BChEg1171 Was somewhat more resistant to inhibition compared to all five loop mutants
studied, i.e., it retained 57% of its activity following paraoxon exposure while loop mutants
retained only 31-44% of pre-exposure activity). In contrast, when DFP was used as the
inhibitor, the loop mutants were generally more resistant to inhibition. Specifically, ENI,
ENA, ENG, and ENR mutants retained nearly full activity (96-100%) following DFP
exposure, which was higher than noted with BChEg1174 (82%). A similar finding was noted
following exposure to EthP, with three loop mutants (ENI, ENA, and ENR) being more
resistant to inhibition than BChEg117H.

Reactivation Rate: This assay starts with putatively complete occupation of all active
sites of the BChEg1174 molecules by pre-incubation in an excess of an OP inhibitor.
Following a marked (400-fold) dilution, any OP inhibitor bound in a reversible Michaelis
complex would dissociate, while OP molecules bound covalently to the active site serine
would not. Thus, measuring the rate of recovery of catalytic activity under these conditions
reflects the rate of dephosphylation. Baseline (100%) activity for each enzyme was
estimated using enzyme without inhibitor. As shown in Figure 6A, when paraoxon or
echothiophate was used, all enzymes showed an initial reduction in activity followed by
recovery to 100% of baseline. With DFP as the inhibitor, complete reactivation was not
evident, likely due to aging of the enzyme which results in irreversible inhibition®. The
activity of DFP inhibited BChEg117H returned to 67 £ 2% of baseline while the various loop
mutants showed recovery to 72-96% of baseline. The reactivation rate (k3) was calculated
by plotting the difference between observed and estimated values versus time during the
recovery period, as described previously by Lockridge and coworkersl6. The 43 values of
BChEg1171 With echothiophate (1.28 min~ + 0.04) and paraoxon (1.27 min~1 £ 0.11) as
substrate were relatively similar to those reported previously®. To our knowledge, the
reactivation rate of BChEg1174 With DFP has not been previously reported. The ENA loop
mutant showed a slight but significant /increase in k3 when pre-incubated with paraoxon, but
no differences in k3 were noted with the ENA mutant using DFP or echothiophate. In
contrast, Figure 6B shows the ks of the ENI and ENR loop mutants with DFP was
significantly decreased. Note that the reported k3 values in cases where recovery did not
achieve 100% of baseline were corrected by the approach of Hovanec and colleagues*3.
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Paraoxon hydrolysis: Substrate kinetics with paraoxon suggested that all loop mutants
had reduced catalytic activity compared to BChEg1174. Ky Was significantly lower in the
ENA mutant and there was a trend toward reduced Ky, with ENG and ENT (p = 0.062 and p
= 0.052, respectively). Table 2 compares substrate kinetics among the different enzymes.
The loop mutants ENA and ENG showed a trend toward higher catalytic efficiency (Kcat/Km)
compared to BChEg117R, but this appeared driven by the changes in Ky, and not catalytic
activity. Changes in substrate binding affinity could be critical in the kinetics of OP toxicant
hydrolysis. Therefore, we used computational modeling to compare binding of paraoxon,
echothiophate and DFP to BChEg117 and the selected engineered loop mutants.

Inhibitor/substrate binding in the active site:

Simulations of enzyme-substrate interactions of BChEg117 and the five loop mutants
indicated that OP substrates bound poorly to the active site region. Table 3 shows the
interaction energies from conformational snapshots sampled during the MD simulations, and
estimated using a sum of electrostatics and van der Waals interactions between the substrate
and enzyme residues. In addition, the MD trajectories were also analyzed for enzyme-
substrate interaction behavior.

Relatively similar interactions were noted between BCh as substrate and BChEgq174 and the
loop mutants, with the substrate remaining in the active site region for a relatively prolonged
time (full 200 ns of MD trajectory). The movies of the MD simulations are available as
supporting information. In contrast, when an OP substrate was modeled, it left the active site
more rapidly (around 100 nanoseconds or less). These differences are reflected in Table 3,
with lesser negative values in the case of the OP substrates. With paraoxon, (except with the
ENI mutant) the substrate completely avoided the active site pocket after 50 ns or less,
making only minimal contacts with the protein surface. With the ENI mutant, paraoxon
remained in the active site with its aromatic group maintaining its original conformation
while other moieties sampled alternate conformations. With DFP, the OP molecule quickly
left the active site pocket as well. Moreover, DFP interactions with BChEg 1174 suggested
the OP molecule completely dissociated from the protein and moved into the bulk-solvent
indicating very weak interactions. Finally, with echothiophate, more stable interactions were
noted with ENI and ENG mutants, but the OP molecule also rapidly left the active site in
BChEg117 and the ENA loop-mutant. Interestingly, simulations with DFP suggested even
lesser time-dependent interaction with the enzyme. Note that in cases where the active site
region showed poor binding but the substrate still interacted with the protein, this was due to
interactions with residues outside the active site. It should also be noted that OP substrates
are larger than BCh and when interaction energy values are adjusted for molecular weight,
the OP toxicant interaction with the enzymes appears even weaker.

DISCUSSION:

Enzymes are known to accelerate chemical reactions by several orders of magnitude, in
some cases by as much as 1020 (that is 20 orders of magnitude). The essential contributions
of primary, secondary, tertiary and quaternary structural characteristics of the protein in
influencing catalytic activity are well known. More recently, protein dynamics has emerged
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as a contributing factor in enzyme-mediated catalysis?L. It has been suggested that enzyme
structure and dynamics of selective surface loop regions enable thermodynamical coupling
between the enzyme surface and active site residues. This coupling provides energy to
overcome the activation energy barrier. In this paradigm, increased motions of surface loops
are critical for collecting energy from solvent and relaying it to the active site through a
network of residues. The current study was designed to study the structure-dynamics-activity
relationships in catalytic degradation of OP anticholinesterases by BChEg1174 through
rational engineering of a dynamic surface peptide network. The use of human
butyrylcholinesterase (BChE) as a bioscavenger for organophosphate anticholinesterases is
markedly limited by its stoichiometric interaction with OP toxicants.

Despite extensive research, little progress has been made in developing an effective catalytic
bioscavenger based on BChE. Based on a growing body of evidence that protein dynamics
influence enzyme catalysis, we applied these principles to a slow catalytic variant,
BChEg1171, in an attempt to enhance its activity against OP toxicants and understand better
the role of surface peptide networks in catalysis. Molecular dynamics simulations identified
a dynamic surface loop on BChEgq174. The effects of peptide insertions into this peptide
network on choline ester and OP substrate binding were modeled and enzyme activity
evaluated in five recombinant loop mutants. The results confirm that surface peptide
networks identified on this enzyme by molecular simulations can influence substrate-active
site interactions and be potentially used to enhance the hydrolysis of catalytic bioscavengers.

To search for a more effective BChE catalyst, we followed a new paradigm where enzymes
are viewed not only as biochemical but also as biophysical machines. The enzyme, in
addition to providing appropriate active site residues for hydrolytic chemistry, also captures
energy to overcome the energy barrier associated with substrate hydrolysis. This energy is
collected from the solvent on the surface and transferred into the active site region.
Therefore, we developed engineered mutants of the existing mutant BChEgy174 to
investigate potential changes in enzyme-solvent energy coupling. Using a computational
approach, we identified a surface loop (residues 278-285) far from the active site region
which showed increased dynamics compared to other regions of the enzyme during
catalysis. Previously, we have shown that surface loop regions of an enzyme can exhibit
increased dynamic motions during enzyme-solvent thermodynamical coupling?4. The
engineered surface loop mutants described herein were designed to increase the length and
solvent interactions of this sequence by inserting three additional residues with long side-
chains to putatively improve energy coupling with the solvent for enhanced energy transfer.

Interestingly, the engineered loop mutants studied all had a reduced catalytic efficiency (Acat/
Kw) with the choline substrate, BTCh. We did not expect any of our mutations to improve
the catalytic rate using the choline substrate as it is already operating near the rate of
diffusion (maximal speed). This is supported by the similar observation that BChEg117H
also exhibits reduced activity with choline esters (e.g., butyrylthiocholine)16. Our data also
suggested that binding of the substrate with all the tested loop mutants was reduced relative
to binding to BChEg117H, suggesting the changes in the surface peptide network were
indeed influencing physiochemical interactions in the active site region but in a negative
manner relative to catalytic activity.
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We conducted two assays to evaluate the enzymes’ interactions with three OP
anticholinesterases. First, we tested the enzymes’ resistance to inhibition by a high
concentration of OP. It should be noted that with this assay, the mechanism of resistance
cannot be fully appreciated, but a change in resistance to inhibition may reflect a change in
catalytic activity or substrate binding. We found that with DFP and echothiophate as
substrates, the loop mutants ENI, ENA, and ENR were more resistant to inhibition than
BChEg1171. Surprisingly, all loop mutants were less resistant to inhibition by paraoxon
compared to BChEg1171. These conflicting results suggested that the selected peptide
insertions differentially affected interaction with the different OP anticholinesterases. To
evaluate further a mechanism of altered interactions between the enzyme and substrates, we
measured enzyme reactivation, which is relatively unaffected by changes in substrate
binding. Using paraoxon as the substrate, only the ENA mutant showed an improved
catalytic efficiency. This increase, however, was not evident when paraoxon hydrolysis was
evaluated separately, wherein we found a significant decrease in both k¢, and K. Taken
together, these results suggested that the decreased Ky, with paraoxon had more impact on
the enzyme’s apparent efficiency than any increase in reactivation. Reactivation data with
DFP and EthP did not show significant increases in A3, suggesting that the noted increase in
loop mutant resistance to inhibition is likely a reflection of altered binding. We do not
however have direct hydrolysis data from DFP and echothiophate to confirm this possibility.

Computer simulations of BChEg117H and the engineered loop mutants with the choline ester
substrate butyrylcholine and selected OP compounds provided insights into the observed
experimental findings. BCh had strong interactions with all enzymes tested. However, the
OP substrates showed mostly weak interactions, with the substrate showing unstable binding
in most cases, rapidly leaving the active site pocket in less than 50 nanoseconds. This
implied that the enzyme had limited time for effective hydrolysis. Interestingly the loop
mutants showed slightly improved interactions with the OP substrates, particularly, paraoxon
and echothiophate. This was supported by the increased A5t/ Ky for these mutants over
BChEG117h-

In conclusion, surface loop insertions on BChEg1174 resulted in relatively minimal changes
in catalysis but appeared to decrease stability of the OP substrates within the active site
region. Substrate/inhibitor-specific differences were noted between BChEg117H and the loop
mutants with substrate kinetics and resistance to inhibition assays. We did observe a slight
but significant increase in the dephosphylation rate constant with paraoxon with one (ENA)
loop mutant. Our data suggest that increasing the interaction of identified hypermobile
surface loops with the solvent may potentially yield improved catalytic interactions between
OP toxicanthydrolyzing enzymes and their substrates. Further emphasis on substrate
stability within the active site of mutants may be important in future studies. While other OP
anticholinesterase hydrolases (e.g., paraoxonase, phosphotriesterase) have their own
difficulties for prophylactic applications (e.g, immunogenicity, more limited substrate
specificity)10:11 catalytic bioscavengers with higher intrinsic activity may be better
candidates for evaluating the role of surface loop dynamics in enhancing OP toxicant
hydrolysis. Understanding how surface loop networks and their dynamics contribute to
catalysis may lead to further development of more effective catalytic bioscavengers for
protection against OP toxicity.
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Figure 1.
Structures of OP anticholinesterases (paraoxon, PO; diisopropylfluorophosphate, DFP;

echothiophate, EthP) investigated in this study.
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Figure 2.

Schematic of the interaction of BChE and a model OP toxicant (paraoxon). First, an OP
compound and BChE form a reversible Michaelis-complex (41/k-1), however the bond
quickly progresses through this step to phosphylation at a rate of 4. Spontaneous
reactivation (43) does not occur at an appreciable rate in the wild-type enzyme, but is
detectable in the mutant BChEG117H16.

Chem Res Toxicol. Author manuscript; available in PMC 2020 September 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hester et al. Page 19

e
\ ‘\ Loop 276-283
) =

.
L L AT
W

[ .
Least Most
Flexible Flexible

276FVVEPYNGTXP283

ENG ENI ENR
ENT ENA

Figure 3: A surface loop in BChE (residues 278-285) was selected for protein engineering.
Dynamical motions associated with the enzyme were identified using RMSF1g. The thin

blue lines show rigid areas while the green to red areas with thicker tubes correspond to
regions displaying large conformational fluctuations. The selected loop is in the highlighted
circle. After design considerations, five mutants were selected for dynamical loop
engineering. The red residues are inserted residues. In addition to E and N as the first two
insertions, five different residues were considered at the third insertion site.
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Figure 4:
Increasing the number of residues inserted in engineered loop led to changes in dynamics.

MD simulations indicated increased backbone flexibility as one or three residues were
inserted, while inserting two residues showed a slight decrease (possibly due to an increase
in structural interactions). Therefore, insertions of three residues was considered optimal for
further evaluations.
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Figure 5:

Comparative resistance to inhibition of BChEg;171 and loop mutants following a 10-min
exposure to paraoxon (50 uM final), DFP (5 uM final) or EthP (100 uM final). Data
represent the mean + SEM of three independent replicates. An asterisk indicates a
significant difference compared to BChEg1174.
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Figure 6:
Recovery of activity in BChEg1174 and loop mutants following exposure to 10 mM OP

inhibitor (paraoxon, DFP or EthP). Enzyme was allowed to react with the OP toxicant for
one minute and then diluted 400-fold into a solution containing substrate (BTChl, 1 mM).
Figure 6A shows a representative plot of raw enzyme activity (AA412) following dilution
including the reactivation and recovery phases. Figure 6B shows the mean £ SEM of A3
values. In the case of DFP, 100% reactivation was not achieved, thus reported &3 values have
been corrected based on Hovanec er af3.
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butyrylthiocholine as the substrate and analysis using the Michaelis-Menten equation.

Values are reported as mean + SEM. An asterisk indicates a significant difference compared to BChEg1174.

Koot & Km Keat/Km
(mint) (mM) (min~t M)
G117H | 13884374 | 121+0.06 | 11.5x 106
+ENI 2207 + 76* 1.7£0.10 1.3 x 108
+ENA | 4024 +204* | 1.68+0.14 2.4 %108
+ENG | 8363+1280* | 2.66£0.60* | 3.1x 106
+ENR 2568+359* | 3.68+0.71* | 0.7 x 106
+ENT 5976+251* 1.84+0.13 3.2x 108

akcat = Vmax/[enzyme active site]
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Comparison of the substrate kinetics parameters of BChEg1174 and loop mutants using
paraoxon as the substrate.

Kinetic analysis was determined using non-linear regression with the classic Michaelis-Menten equation.
Values are reported as mean + SEM. An asterisk indicates a significant difference compared to BChEg117H.

Keat & K Keat/Km
(minY) (M) (mint M)
G117H 0.244 +0.03 107.6 £28.1 2.2 x 108
ENI 0.071+£0.003* | 75.82+9.3 0.9 x 108
ENA 0.078 £0.004* | 19.72+5.3* 3.9 x10°
ENG 0.089 +£0.005* | 24.23+6.0* 3.6 x103
ENR 0.092 £0.005* | 77.62+12.2 1.2x 108
ENT 0.076 £0.005* | 23.59 +6.1* 32x10°

a L
kcat = Vimax/[enzyme active site]
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Enzyme-substrate interaction energy obtained from computations.

Table 3:

Page 25

Averaged interaction energies (in kcal/mol) between substrate and full enzyme (all residues) and only the
catalytic triad (residues H117, S198, and H438).

BCh (174.262%) | paraoxon (275.195% | DFP (184.146% | echothiophate (383.228%

enzyme | triad enzyme triad enzyme | triad enzyme triad
G117H | -34.84 | -845 | -3536 241 | -1029 | -043 | -33.96 -4.98
ENI -3234 | -840 | -3886 | —g17Y | -23.05 | -3.15 | -39.61 —962”
ENG -3150 | -842 | -3788 | _79¢? | -1073 | -149 | -3559 —729?
ENA -31.26 | -8.14 | -3362 -136 | -2434 | -487 | -39.99 _1017?
ENT -31.48 | -8.21 | -35.89 -503 | -21.83 | -329 | -39.45 —6.747
ENR -3313 | -9.22 | -34.08 -178 | -2477 | -452 | -36.15 _g.46?

a .
molecular weight,

b . . . . .
indicates interaction = in strength to native substrate.
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