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BIOCHEMISTRY

Computational design of a sensitive, selective
phase-changing sensor protein for the VX nerve agent

James J. McCann't, Douglas H. Pike?t, Mia C. Brown', David T. Crouse®,

Vikas Nanda?*, Ronald L. Koder'**

The VX nerve agent is one of the deadliest chemical warfare agents. Specific, sensitive, real-time detection methods
for this neurotoxin have not been reported. The creation of proteins that use biological recognition to fulfill these
requirements using directed evolution or library screening methods has been hampered because its toxicity makes

Copyright © 2022

The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

laboratory experimentation extraordinarily expensive. A pair of VX-binding proteins were designed using a super-
charged scaffold that couples a large-scale phase change from unstructured to folded upon ligand binding, enabling
fully internal binding sites that present the maximum surface area possible for high affinity and specificity in target
recognition. Binding site residues were chosen using a new distributed evolutionary algorithm implementation in
protCAD. Both designs detect VX at parts per billion concentrations with high specificity. Computational design
of fully buried molecular recognition sites, in combination with supercharged phase-changing chassis proteins,
enables the ready development of a new generation of small-molecule biosensors.

INTRODUCTION
Nerve agents have been implicated in several major world events
over the past decade (1-3). VX, or O-ethyl S-[2-(diisopropylamino)
ethyl] methylphosphonothioate, is an organophosphonate chemical
warfare agent that acts as an acetylcholinesterase inhibitor at motor
neuron junctions. By preventing the degradation of the neurotrans-
mitter acetylcholine, VX exposure leads to continual activation of
acetylcholine receptors, causing muscle paralysis and eventual death
via asphyxiation within minutes (4). Lethal doses of VX are as little
as 30 ug/kg (for oral administration), 70 pg/kg (for inhalation), or
86 ug/kg (for skin contact) (5). Atropine, 2-pyridine aldoxime methyl
chloride, and benzodiazepines can be used to treat the symptoms of
VX exposure if treatment has begun early enough (6). VX is a liquid
at room temperature with a low vapor pressure and is relatively stable,
breaking down via spontaneous hydrolysis over several days (7).
The high toxicity of VX necessitates that researchers either use
less toxic analogs, such as the organophosphate insecticides parathion
and demeton-S or other simulant molecules (Fig. 1) (8), or perform
experiments in a limited number of authorized government facili-
ties as outlined in the International Chemical Weapons Convention
(9). Current methods for the rapid field detection of VX include direct
detection via vehicle-mounted gas chromatography-mass spectro-
metric analysis (10), ion mobility spectrometry (11), colorimetric
and electrodic sensors that use chemical reactions with the methyl-
phosphonothioate moiety (12-14), or hybrid enzymatic systems that
use natural acetylcholinesterase enzymes as a recognition element
(8, 13). Each of these methods has advantages, but with the excep-
tion of spectrometry, the principal problem is the lack of specificity
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of acetylcholinesterase and chemical reagents, resulting in false
positives from insecticides and other organophosphates. Protein-
based biological recognition, with its steric and electrostatic comple-
mentarity, offers the best path to a high-specificity real-time sensor.
However, the inherent danger and high regulatory overhead of VX
experimentation make the standard library screening or directed evo-
lution approaches unfeasible. For these reasons, we set out to com-
putationally design a VX-binding protein.

There have been a number of recent advances in the design of
small-molecule binding proteins (15-18). These design approaches
have targeted binding sites to protein surfaces or at interdomain
interfaces. We reasoned that the utilization of a fully internal binding
site would present a larger surface area for biological recognition,
greatly easing the design of a high-affinity, high-specificity binding
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Fig. 1. The VX nerve agent, its simulants, and breakdown products. VX is chemi-
cally similar to both common organophosphates used as insecticides (left) (middle
and bottom) and its still toxic breakdown products (right).
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site. This necessitates the design of a protein that undergoes a large-
scale conformational change concomitant with ligand binding. We
recently reported a design algorithm for protein surface supercharging,
in which a subset of fully surface-exposed side chains on proteins are
changed to glutamate. Strong intrachain charge repulsion produces
an unfolded protein, but structure can be restored by screening
electrostatic forces at high ionic strengths. By poising the solution
ionic strength, a phase transition from the unfolded apoprotein to a
folded ligand-bound protein can be achieved (19). Using this approach,
we introduced a VX-binding site into the core of a supercharged
protein scaffold using a distributed evolutionary algorithm imple-
mented in the protein design platform, protCAD (protein Computer
Aided Design) (20).

RESULTS AND DISCUSSION

Developing a supercharged phase-changing scaffold

protein for small-molecule binding

The designed four-helix bundle protein DRNN (21) was chosen as
a chassis scaffold for small-molecule binding site insertion because
it is well characterized structurally, it folds reversibly, it is extremely
stable (AGfolding = —16.2 kcal/mol), and helical bundles have been
shown to have high designability compared to other folds (22). We
then designed three variants of DRNN with net formal charge (the
number of basic minus the number of acidic side chains), ranging
from —17 to —37 (Fig. 2, A and B), and used circular dichroism (CD)
to quantify their NaCl-dependent stability. Only the two most nega-
tively charged variants were predominantly unfolded at low NaCl
(Fig. 2, Cand D), and we chose the more stable of the two, DRNN(-27),
which is 50% folded at oinacl = 1.2 M, as the optimal variant for binding
site insertion.

VX-binding site design
The lowest-energy conformation of VX (23) was constructed using
DrawMol (24), parameterized using AMBER tools antechamber, and

A

DRNN (-27): GSHOEY TEQV TR OFlL TONVN IR TQEVEON P MEYWNE T Yol

minimized with pmemd (table S1) (25). VX was aligned to the center
of the four-helix bundle axis using protCAD. All positions that con-
tacted or clashed with VX were for sampled for design (Fig. 3, A and B).
Random sequences were mapped on the experimental structure of
DRNN (21) to generate a starting sequence pool. Next, a distributed
evolutionary algorithm sampled these positions based on their fre-
quency in top-scoring designs from prior generations (fig. S1). The
simulation was stopped when the average enthalpy score of the
sequence pool converged. Twenty top-scoring designs based on
the computed score and chemical constraints were then selected for
synthesis and characterization (Fig. 3C). All 20 designs had glycine
residues at positions 22, 90, and 97, and positions 42 and 46 were
glycine, serine, or alanine (fig. S2). These small amino acids provided
room in the protein core to accommodate the neurotoxin, packing
tightly against alkyl groups of VX.

VX protein selection, expression, and testing

The reaction between the VX nerve agent and human acetylcholin-
esterase involves the phosphonylation of an active site serine that is
activated for nucleophilic attack as a consequence of its position at
the terminus of a Glu-His-Ser catalytic triad (26). In supercharged
DRNN, it is possible that a similar covalent modification, followed
by the release of the bulk of the VX molecule, could result in the
reunfolding of the protein and a concomitant loss of signal. However,
absent activation by the catalytic triad serine is a poor nucleophile
for organophosphates, while carboxylates such as acetate do catalyze
organophosphate hydrolysis (27). The positive charge at the phos-
phorus in VX results in a high likelihood of negatively charged Glu
and Asp counterions in the lowest-energy models. Such carboxylates
can act as nucleophiles even in the absence of activation. For this reason,
we selected the 10 lowest-energy designs that did not introduce car-
boxylate side chains into the binding site. We also chose the 10 lowest-
energy designs that contain carboxylate ions at these positions
(sequences and energies in table S2, and coordinates of all 20 models
are in table S3). Genes were synthesized for the 20 final designs,
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Fig. 2. Chassis design. (A) Sequences of DRNN and its derivatives. Net charge in parentheses. Basic (blue) and acidic (red) residues are highlighted. The four a-helical
elements in each design are boxed. (B) Spatial distribution of acidic (red) and basic (blue) side chains. Spheres are the beta carbons of each ionizable residue. (C) NaCl-
dependent CD-monitored folding of DRNN(-27) at pH 7.0. Limiting spectra at 0 M NaCl and 5 M NaCl in units of mean residue ellipticity are depicted in red and black,
respectively. (D) Folding energy of supercharged DRNN derivatives as a function of NaCl activity.
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Fig. 3. VX-binding site design. (A) Core positions to be sampled during design are highlighted in orange, chosen on the basis of contact with a centrally placed VX
molecule (76). (B) Orange spheres show sampled positions in the DRNN structure. (C) A distributed evolutionary algorithm protocol was used to sample core positions.
An initial randomization phase was used to generate the sequence pool, followed by an annealing phase using top-scoring sequences from the pool. Each point is one
final structure/sequence enthalpy score; the blue line is the average score per generation. Best scoring designs were selected for characterization (green dots). Two suc-

cessful variants were found (blue dots).

VX1 to VX20, which combine core binding site substitutions with
surface supercharging substitutions from DRNN(-27). These were
expressed in Escherichia coli and purified.

In the absence of VX, all 20 proteins exhibited CD spectra indica-
tive of random coil structure at high and low on,c at pH 7.0. At pH
3.5, reduced charge repulsion from protonation of surface glutamates
enabled a subset of designs to form helices at high oy, (fig. S3),
possibly a result of condensed molten globule formation in the ab-
sence of ligand (19).

As the Chemical Weapons Convention stipulates, experiments
performed using VX must take place in specialized facilities, and any
equipment used to perform these experiments must be incinerated
after use (9). The high cost of CD spectrometers drove us to find
another signifier of the protein folding state. DRNN(—27) has a buried
tryptophan that is unchanged in all designs (Fig. 4B). This residue
exhibits a substantial change in fluorescence intensity when the pro-
tein unfolds (fig. S4), making fluorescence a sensitive measure of
concerted folding and binding. Quenching of tryptophan occurs at
low pH (28) due to protonation of the indole group. Our molecular
design places tryptophan in the protein core, shielding it from
interactions with the low-pH environment in the folded state, con-
sistent with the large intensity change upon unfolding. We constructed
an inexpensive fluorescence spectrometer using a white light-emitting
diode, a pair of low- and high-pass filters, and a detector photodiode
at a 90° angle (fig. S5). This simple spectrometer is connected to a
voltameter via a wire to the outside of the testing hood, and tryptophan
fluorescence can be safely quantified.

Using this device, we screened the response of all 20 proteins to
two different concentrations of VX (fig. S6) at pH 3.5. Two of them,
VX10 and VX16 (Fig. 4A), exhibited increases in fluorescence in
response to moderate concentrations of VX that are proportional to
the increase in fluorescence that they exhibit upon folding at high
OnNacl as detected by both CD and infrared spectroscopy (fig. S7 and
table S4). We then examined the VX-binding affinity of each in more
detail (Fig. 4D): At pH 3.5, VX10 binds VX with a dissociation constant
of 700 + 100 nM, and VX16 binds VX with a dissociation constant
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of 330 + 40 nM. These affinities correspond to mass concentrations
0f 190 + 30 and 90 + 10 parts per billion, respectively, each more than
two orders of magnitude lower than the toxic concentration in humans
(29). Both proteins display less than a 1% response to micromolar
concentrations of the VX simulants parathion or demeton-S (Fig. 4E)
or the toxic VX breakdown products DIAEM [2-(diisopropylamino)
ethyl mercaptan], DMMP (dimethyl methylphosphonate), or EMPA
(ethylmethylphosphonic acid) (Fig. 4F). Figure S8 enumerates com-
puted residue-ligand interaction energetics and key interactions in
VX10 and VX16 based on the two structural models.

AtpH 7.0, the fluorescence of both proteins decreases upon folding,
albeit to a smaller magnitude than the increase at pH 3.5 (fig. S9A).
As expected, both proteins exhibit decreases in fluorescence upon
VX binding at this pH (fig. S9B). VX16 binds VX with a dissociation
constant of 380 + 90 nM, while the low signal-to-noise ratio, given
the relatively small decrease in fluorescence of VX10, allows us only
to determine that the dissociation constant is less than 100 nM.

The large-scale phase changes imparted on the structure of DRNN
by surface protein supercharging have enabled us to implant a VX-
binding site into its center. Using this approach, in concert with a
computational optimization of the internal binding site, we designed
two different proteins that bind VX with dissociation constants that
are more than two orders of magnitude lower than the concentra-
tions identified as toxic by the Board on Environmental Studies and
Toxicology (BEST) of the National Academies (29). As the actual
detection limits are at least ninefold lower than these dissociation
constants (Fig. 4D, inset) (30), both proteins detect VX in water at
concentrations at least three orders of magnitude lower than toxic-
ity. Furthermore, this sensor does not recognize simulants or break-
down products, is reagentless, and has a response time of seconds.
These detection limits have been achieved without optimization of
the surface supercharging—a larger folding energy penalty weakens
binding (19)—and it seems likely that lowering the extent of the
supercharging would both enhance the affinity of VX10 and VX16
for VX, decreasing detection limits even further, and enable some of
the remaining binding site designs in the library to respond to VX.
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Fig. 4. Sensitivity and specificity of two designed VX-binding proteins. (A) Sequences of VX10 and VX16 with VX-interacting positions highlighted in orange. (B) The
buried tryptophan shown in purple and the optimized binding site in orange. (C) NaCl-induced folding of apo-VX10 (blue) and apo-VX16 (red) at pH 3.5 detected using
tryptophan fluorescence. (D) VX binding by VX10 (black) and VX16 (red). Lines drawn are fits with the single site binding equation with Ky values of 700 + 100 and 330 £40 nM,
respectively. Inset: Change in detector voltage at low VX concentrations showing the high sensitivity of this measurement. (E) The response of VX10 and VX16 to the
organophosphate VX simulants parathion and demeton-S. (F) The response of VX10 and VX16 to known VX breakdown products. A.U., arbitrary units.
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chassis protein and computational design promises the ready devel-
opment of sensitive, selective small-molecule sensors. While we de-
scribe a simple VX detector that can be built for less than $5000, this
protein and the others designed using this method can be incorpo-
rated as the recognition element in any number of protein bio-
sensor platforms that can take advantage of the large-scale phase
change engendered by supercharging, including surface plasmon
resonance-based protein-ligand complex formation sensors (31)
and protein folding-based electrochemical detection schemes (32),
to greatly enhance sensitivity.

MATERIALS AND METHODS

Design of supercharged protein

Starting with the crystal structure of DRNN (Protein Data Bank ID:
3U3B), surface-exposed residues on the a helices were mutated to
either alanine or glutamic acid. In the case of DRNN(-17), positively
charged (lysine and arginine) residues were mutated to alanine, in-
creasing the net negative charge of the protein. For DRNN(-27), these
same residues were mutated to glutamic acid, further increasing the
net negative charge. For DRNN37, additional surface-exposed sites
were selected for the mutation of neutral amino acids to glutamic acid.

VX force field parameterization

The VX two-dimensional (2D) chemical structure was downloaded
from ChemSpider (33) with ID: 36386. DrawMol was used to pre-
optimize the 3D bond angles and torsions using the UFF (Universal
force field) before force field parameterization in AMBER (34). Partial
static charges were calculated for VX using the AM1-BCC method
(35) in AMBER’s antechamber software. VX van der Waals atom-type
assignments and harmonic bond potentials were determined using
antechamber for use with the GAFF (general AMBER force field) (36).

protCAD computational binding site design

protCAD is a computational design platform developed by Summa et al.
(37) and currently maintained by Pike and Nanda (20). The program
allows sampling of protein motions in torsional space and sequence
substitutions. Scoring includes AMBER {f14SB (38) nonbonding terms,
the Dunbrack bbdep rotamer library (39), and implicit solvation
using a local dielectric term (20). The software library, manual, and
example programs are available for download from github.com/
protcad/protcad.

Design of the VX-binding sites in DRNN(-27) was performed
using the program protEvolver, which can repack a protein fold with
or without local backbone flexibility, using a distributed evolutionary
algorithm that proceeds in two stages: a randomization stage where
the initial sequence pool is created, and an exploration stage where
sequences are optimized on the basis of amino acid frequencies in
the pool. The program can be run on a single thread or distributed
across multiple nodes. The protEvolver code can be found at https://
doi.org/10.5281/zenod0.6539666.

VX was placed at the center of DRNN and aligned so that the
long axis of the ligand coincided with the superhelical axis of the
protein. Twelve positions, three for each helix of DRNN, were
selected for repacking around VX. In the first stage of repacking by
protEvolver, 2000 randomized initial sequence variants were con-
structed. Each variant was subject to repacking, allowing for all amino
acids at equal probability at the 12 positions. Side-chain rotamer
optimization was performed using all backbone-independent rotamers
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followed by fine rotational sampling (1° increments) to optimize
interactions with VX. Mutations were accepted if the energy change
was less than kT (T = 300 K; 0.5 kcal/mol). Sequence optimization
continued until a fixed number of consecutive failures—in this case,
15—has been reached. A total of 2000 initial sequences were gener-
ated, after which the best half were retained for the second stage of
repacking. The remaining models were not used to bias sampling
frequency of mutation.

In the second exploratory stage, a generation of new sequences
was created by applying the same mutational scheme except that
mutations were weighted on the basis of a probability equal to their
position-specific frequency in the sequence pool. Amino acid types
not present at a position in the pool were assigned a minute but
nonzero probability, allowing for innovation. Mutations would con-
tinue to accumulate in a new model until 15 consecutive rejections
have been reached. Final models from the current cycle were included
in the sequence pool, and the best 1000 were retained, with the
remainder discarded. This was continued with each generation by
selecting amino acid probabilities based on the previous sequence
pool. The calculation was terminated when the mean interaction score
of the pool converged.

Purification of designed proteins

All DRNN and VX-binding proteins were expressed in HMS174
E. coli cells as a 6xHis-tagged thioredoxin fusion protein from the
pET32a vector. Briefly, cells were grown at 37°C until they reached
an optical density of 0.6, after which 0.5 mM isopropyl-B-p-
thiogalactopyranoside was added, and the temperature was lowered
to 18°C for overnight expression. Standard protocols (40) for the
purification of 6-his-tagged proteins were followed, except that the
sodium chloride concentration was raised to 1 M to prevent non-
specific binding. Following Ni-NTA (nitrilotriacetic acid) purification
and the cleavage of the thioredoxin tag with TEV protease, the super-
charged proteins were further purified using a DEAE anion exchange
column. Purified proteins were dialyzed into 50 mM sodium phos-
phate and 300 mM sodium chloride (pH 8) for storage and shipping.

Circular dichroism
CD measurements were made using an Aviv model 400 spectrome-
ter at a protein concentration of 10 uM.

Intrinsic fluorescence

Fluorescence measurement to measure the salt-induced folding and
off-target organophosphate binding was performed using an Olis
DM45 spectrofluorimeter. Samples were excited at 280 nm while
monitoring the fluorescence emission at 348 nm.

VX measurements

Measurements were performed at the approved chemical weapon
testing facility at MRIGlobal (Kansas City, MO). For the VX-binding
experiments, the intrinsic fluorescence was monitored using a sim-
plified custom-built fluorimeter (see fig. S4). For the fluorescence
measurements, the VX nerve agent and its breakdown products were
diluted to 10 uM into either citrate buffer (50 mM sodium citrate
and 1500 mM sodium chloride) or Hepes buffer [20 mM Hepes and
1000 mM sodium chloride (pH 7)]. In each experiment, proteins
were purified at The City College of New York, concentrated using
spin concentrators, shipped in ice overnight to MRIGlobal, and tested
within 24 hours of purification.
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SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abh3421

View/request a protocol for this paper from Bio-protocol.
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