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Abstract

Improving an enzyme’s initially low catalytic efficiency with a new target substrate by an order of

magnitude or two may require only a few rounds of mutagenesis and screening or selection.

However, subsequent rounds of optimization tend to yield decreasing degrees of improvement

(diminishing returns) eventually leading to an optimization plateau. We aimed to optimize the cata-

lytic efficiency of bacterial phosphotriesterase (PTE) toward V-type nerve agents. Previously, we

improved the catalytic efficiency of wild-type PTE toward the nerve agent VX by 500-fold, to a cata-

lytic efficiency (kcat/KM) of 5 × 106M−1min−1. However, effective in vivo detoxification demands an

enzyme with a catalytic efficiency of >107M−1min−1. Here, following eight additional rounds of

directed evolution and the computational design of a stabilized variant, we evolved PTE variants

that detoxify VX with a kcat/KM ≥ 5 × 107M−1 min−1 and Russian VX (RVX) with a kcat/KM ≥ 107M−1

min−1. These final 10-fold improvements were the most time consuming and laborious, as most

libraries yielded either minor or no improvements. Stabilizing the evolving enzyme, and avoiding

tradeoffs in activity with different substrates, enabled us to obtain further improvements beyond

the optimization plateau and evolve PTE variants that were overall improved by >5000-fold with VX

and by >17 000-fold with RVX. The resulting variants also hydrolyze G-type nerve agents with high

efficiency (GA, GB at kcat/KM > 5 × 107M−1min−1) and can thus serve as candidates for broad-

spectrum nerve-agent prophylaxis and post-exposure therapy using low enzyme doses.
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Introduction

Directed evolution and engineering methods are increasingly used to
optimize enzyme stability and catalytic efficiency with non-cognate
substrates for industrial, bioremediation, biosensing and medical

applications. However, most studies report improvements of up to
two orders of magnitude in catalytic efficiencies with their target
substrates; examples reviewed in (Yang and Withers, 2009; Wijma
and Janssen, 2013; Currin et al., 2015). In relatively few cases,
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improvements in catalytic efficiencies of three or more orders of mag-
nitude have been described; for examples see (Khare et al., 2012;
Zheng et al., 2014; Obexer et al., 2016). The initial catalytic efficien-
cies of wild-type or computationally designed enzymes with their
target substrates are often very low-kcat/KM < 600M−1min−1

(Fasan et al., 2007; Althoff et al., 2012; Rockah-Shmuel and
Tawfik, 2012). Thus, practical applications may require enhance-
ments of catalytic efficiencies by ≥4 orders of magnitude for evolved
enzymes to gain the efficiency of even an ‘average’ natural enzyme
(kcat/KM) ≈ 6 × 106M−1min−1 (Bar-Even et al., 2011).

Directed enzyme evolution is often performed under the assump-
tion that evolving enzymes follow a gradual and continuous path of
improvement for the selected trait. However, a pattern of diminishing
returns, whereby the degree of improvement decreases with each round
of evolution, is commonly observed both in natural (MacLean et al.,
2010; Chou et al., 2011) and laboratory evolution (Tokuriki et al.,
2012). Diminishing returns are most likely to be encountered when
attempting to improve an enzyme by over 4 orders of magnitude. In
such cases, an ‘optimization plateau’ is reached. When improvements
plateau, it is, however, unclear whether further improvements could be
attained with additional, new mutations (i.e. the trajectory is held at a
local peak) or the maximal catalytic efficiency for this given evolution-
ary trajectory has been obtained (the ‘fitness’ peak for this particular
trajectory has been reached). There is also no way of telling if there is
a completely different trajectory leading from the same starting point
to a much higher activity (a global peak). At present, the challenges of
improving enzymes past their ‘optimization plateau’ have not been
commonly addressed in published works.

We aimed to obtain variants of a bacterial phosphotriesterase
(PTE) capable of hydrolyzing V-type nerve agents, which are highly
toxic organophosphates (OPs) that act following inhalation or
through skin absorption. Specifically, we wanted to develop highly
efficient, catalytic, nerve agent bioscavengers that could serve as
prophylactic antidotes or as post-exposure treatments of nerve agent
intoxications, against which current countermeasures have limited
efficacy (Bird et al., 2010; Worek et al., 2016). Nerve agents are
racemic mixtures, in which the Sp isomer is typically 100–1000 times
more toxic than the Rp isomer (Benschop and Dejong, 1988).
Therefore, effective and symptom-free prophylactic protection from
lethal nerve agent doses, using low enzyme doses (≤1mg/kg body
weight), requires the detoxifying enzymes to have catalytic efficiency
(kcat/KM) values of ≥ 5 × 107M−1 min−1 toward the more toxic Sp
isomers of nerve agents (Ashani et al., 2016). Evolving PTE variants
with such catalytic efficiencies toward V-agents involves several chal-
lenges: First, the catalytic efficiency of wild type PTE with V-type
nerve agents (i.e. 0.07–1 × 104M−1 min−1) is 3–4 orders of magni-
tude lower than necessary. Second, the P–S bond of V-agents is inher-
ently more difficult to hydrolyze than P–O bonds commonly found
in OPs; the thio effect (Ashani et al., 2013). Third, wild-type PTE
preferentially hydrolyzes the less toxic RP isomers of V-agents.
Finally, a useful countermeasure should target the entire spectrum of
chemical warfare nerve agent (CWNAs) and be stable for usage and
long-term storage. Thus, ideally, an evolved PTE variant would effi-
ciently hydrolyze VX, Russian VX (RVX) and Chinese VX (CVX) as
well as G-type nerve agents (Tabun, Sarin, Soman and Cyclosarin).

Previously, we evolved recombinant mammalian serum paraoxo-
nase 1 (PON1) and a bacterial PTE to detoxify G- and V-type agents
(Gupta et al., 2011; Goldsmith et al., 2012; Cherny et al., 2013). The
resulting variants were shown to provide effective protection from
lethal nerve agent doses in vivo (Worek et al., 2014a, b; Wille et al.,
2016). However, the catalytic efficiencies we obtained with V-type

nerve agents would have required high enzyme doses to confer effective
protection from VX in humans. We therefore aimed to further improve
the most effective V-type degrading PTE variants we obtained so far,
C23 and A53 (Cherny et al., 2013), by ≥10-fold with VX and by ≥15-
fold with RVX to obtain kcat/KM values of ≥5 × 107M−1min−1 with
both these agents.

Here, we summarize our efforts and describe the challenges asso-
ciated with overcoming the optimization plateau we encountered dur-
ing the directed evolution of PTE. We discuss specific obstacles on the
pathway to catalytic efficiency optimization, such as the tradeoff in
activity between the two target substrates, VX and RVX, and the loss
of stability that accompanied the acquisition of mutations. Overall,
eight additional rounds of library generation and screening, including
significant stabilization of the evolving enzyme were required to
obtain PTE variants with the desired catalytic efficiencies. The evolved
variants were also found to be highly efficient at detoxifying G-type
nerve agents, especially Tabun (GA) and Sarin (GB). Thus, a combin-
ation of two or three evolved PTE variants that differ by only a few
mutations may provide broad-spectrum nerve agent prophylaxis, and
post-exposure V-agent treatment, using relatively low enzyme doses.

Results

Optimization of V-agent hydrolyzing PTE variants

Our starting point in this work, PTE variant C23, was the end point
of our previous directed evolution effort to improve PTE’s efficiency
of V-agent hydrolysis (Cherny et al., 2013). C23 was the outcome
of five rounds of directed evolution, whereby a round consisted of
the following steps: generation of a gene library from the best var-
iants of the previous round, a screen for variants with higher detoxi-
fying rates, isolation and verification of improved variants, and
finally, purification and determination of catalytic efficiencies of
improved variants. C23’s catalytic efficiency was 5 × 106M−1 min−1

with Sp-VX, and 0.7 × 106M−1 min−1 with Sp-RVX (Table I).
To further increase the catalytic efficiency of C23 with V-agents,

we used a previously developed screen that measures the ability of
enzyme variants to prevent the inhibition of acetylcholinesterase
(AChE) by OPs such as VX or RVX (Goldsmith et al., 2012) (Fig. 1).
In this screen, inactive PTE variants resulted in complete inhibition of
AChE activity, while sufficiently active variants could hydrolyze the
nerve agent before it inhibited AChE. Thus, the level of residual AChE
activity correlated with the efficiency of the detoxifying PTE variant.
V-agents were synthesized in situ as racemates (at non-hazardeous con-
centrations and amounts). However, since the Sp isomers of both VX
and RVX inactivate hAChE at rates that are ~100-fold higher than
those of the Rp isomers (Ordentlich et al., 2004), the hydrolysis of the
Sp isomer was the one primarily assayed.

Specifically, in each round one or more gene libraries of PTE were
generated and cloned into an expression vector, transformed to
Escherichia coli cells, and the transformed bacteria were grown on agar
plates. Individual colonies were randomly picked, grown, and expressed
in 96-deep well plates. The cultured cells were collected, lysed and com-
bined with purified human AChE followed by VX and RVX. After a
period of incubation, the residual AChE activity of the reaction mixture
was measured (Materials and Methods, Fig. 1). The stringency of the
screen was tuned at each round by altering the concentrations of the V-
agents used, allowing us to assay for variants with increasingly higher
detoxification rates. Subsequently the molar ratio of AChE to V-agents
ranged from 1:10 up to 1:800 in the final rounds. The concentrations
of the PTE variants in the lysates were in the same range as the AChE
(~1 nM) although they were not directly screened for.
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Following each round, clones that exhibited ≥2-fold residual
AChE activity relative to the best variants from the previous round
were isolated and retested. In this verification screen, three to six
subclones of the initially isolated variants were grown and re-
screened for AChE protection in order to eliminate false positives.
Reproducibly improved clones were then purified and their catalytic
efficiencies with VX and RVX were determined. The best variants
from each round were then used as the starting point for the gener-
ation of the successive gene library.

The strategies used for making the libraries, and the results
of each round are summarized in Tables II and III. Described
below is a brief, retrospective narrative of the directed evolution
trajectory.

Reaching the improvement plateau

Initially, we examined additional variants from a previously screened
round #5 library (Cherny et al., 2013). Aiming to increase library
coverage, we screened 900 randomly selected variants using either
VX or RVX. We identified variants improved with RVX but not with
VX. The genes encoding the eight most improved RVX clones were
shuffled to generate library 6-1 (Supplementary Table S1). In parallel,
we designed library 6-2, in which two active-site residues (i.e. posi-
tions 270, 273; amino acid numbering follows PDB 1HZY), were
selectively mutated on the background of C23 and two other variants
described by Cherny et al. (A53 and G23; Supplementary Table S2).
These two positions were chosen based on a computational model of

Table I. Catalytic efficiencies of hydrolysis of Sp-VX and Sp-RVX. (kcat/KM) ×10
6 M−1min−1 ± SD

Round #a Variant Mutational compositionb Sp-VX
c Sp-RVX

c

0 PTE-S5d – 0.01 ± 0.003 (1) 7×10−4 ± 1 × 10−4 (1)
5 C23d K77A, A80V, F132E, T173N, G208D, H254G, I274N 5 ± 0.5 (500) 0.7 ± 0.02 (1000)
6 IVH3 K77A, A80V, I106A, F132E, T173N, G208D, H254G, A270E 2.8 ± 0.2 (280) ND
7 IIIA3 K77A, A80V, I106A, F132E, T173N, G208D, D233N, H254G, S267M,

I274N
3.7 ± 1 (370) ND

8 82B5 C59F, K77A, A80V, I106A, S111R F132E, A203D, G208D, D233N,
H254G, A270E, I274N

3.7 ± 1 (370) ND

10 C23-Y309W K77A, A80V, F132E, T173N, G208D, H254G, I274N, Y309W 7 ± 0.3 (700) 0.8 ± 0.02 (1143)
11 d1-C23-Y309W K77A, A80V, F132E, T173N, G208D, H254G, I274N, Y309W, R118E,

A203D, S222D, S238D, M293V, G348T, T352E
15 ± 1.0 (1500) 1.4 ± 0.20 (2000)

11 4E11 K77A, A80V, F132E, T173N, G208D, H254G, S267M, A270S, L271W,
I274N, Y309W, R118E, A203D, S222D, S238D, M293V, G348T,
T352E

31 ± 3.3 (3100) 0.4 ± 0.03 (571)

12 d1-IVA1 C59M, K77A, A80V, I106A, F132E, T173N, G208D, D233G, H254G,
A266Del, I274N, Y309W, R118E, A203D, S222D, S238D, M293V,
G348T, T352E

3.5 ± 0.8 (350) 12 ± 1.30 (17 143)

13 1-3-D5 K77A, A80V, F132E, T173N, G208D, D233G, H254G, I274N, Y309W,
R118E, A203D, S222D, S238D, M293V, G348T, T352E

28 ± 3.0 (2800) 2.5 ± 0.20 (3571)

13e 1-3-D5 I106C K77A, A80V, I106C, F132E, T173N, G208D, D233G, H254G, I274N,
Y309W, R118E, A203D, S222D, S238D, M293V, G348T, T352E

6 ± 0.7 (600) 1.4 ± 0.50 (2000)

13e 1-3-D5 I106A K77A, A80V, I106A, F132E, T173N, G208D, D233G, H254G, I274N,
Y309W, R118E, A203D, S222D, S238D, M293V, G348T, T352E

23 ± 0.1 (2300) 6.3 ± 0.80 (9000)

13 10-2-C3 K77A, A80M, F132E, T173N, G208D, D233G, H254G, A270S,
L271W, I274N, Y309W, R118E, A203D, S222D, S238D, M293V,
G348T, T352E

50 ± 5.0 (5000) 3.2 ± 0.01 (4571)

13e 10-2-C3-I106C K77A, A80M, I106C, F132E, T173N, G208D, D233G, H254G, A270S,
L271W, I274N, Y309W, R118E, A203D, S222D, S238D, M293V,
G348T, T352E

7 ± 1.0 (700) 1.2 ± 0.10 (1714)

13e 10-2-C3-I106A K77A, A80M, I106A, F132E, T173N, G208D, D233G, H254G, A270S,
L271W, I274N, Y309W, R118E, A203D, S222D, S238D, M293V,
G348T, T352E

7 ± 0.2 (700) 8.3 ± 1.10 (11 857)

13 10-1-D11 K77A, A80M, F132E, T173N, G208D, D233G, H254G, S267M, A270S,
L271W, I274N, Y309W, R118E, A203D, S222D, S238D, M293V,
G348T, T352E

51 ± 8.0 (5100) 2.7 ± 1.10 (3857)

13e 10-1-D11-I106C K77A, A80M, I106C, F132E, T173N, G208D, D233G, H254G, S267M,
A270S, L271W, I274N, Y309W, R118E, A203D, S222D, S238D,
M293V, G348T, T352E

11.5 ± 0.1 (1150) 1.5 ± 0.20 (2143)

13e 10-1-D11-I106A K77A, A80M, I106A, F132E, T173N, G208D, D233G, H254G, S267M,
A270S, L271W, I274N, Y309W, R118E, A203D, S222D, S238D,
M293V, G348T, T352E

8 ± 0.4 (800) 10 ± 2.40 (14 286)

aRound #0 indicates the wt-like variant PTE S5 (Roodveldt and Tawfik, 2005). Rounds #1–4 were described in (Cherny et al., 2013). No improved variant
was isolated from Round #9.

bSubstitutions relative to wt-like PTE S5. Computationally designed stabilizing mutations indicated in italics.
cIn brackets—fold improvement relative to wt. like PTE S5 (Roodveldt and Tawfik, 2005). ND—not determined.
dData taken from (Cherny et al., 2013).
eRationally constructed variants.
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the complex of C23 with the transition state of VX (based on C23’s
crystal structure; Dym et al., in preparation). This model suggested
that these two residues are in contact with the substrate, and muta-
tions may therefore improve VX binding. Round 6 libraries were
screened using a mixture of VX and RVX in order to select for
broad-spectrum variants that could efficiently hydrolyze both sub-
strates. The six best variants of both libraries (6-1, 6-2) were purified
and showed improvement of ~2-fold, yet again only with RVX.

Library 7-1 (Supplementary Table S3) was designed to examine
substitutions at position 271 only, on the background of variants A53
and G23, while library 7-2 introduced rationally, and Rosetta-designed
mutations (see Materials and Methods). Library 7-2 was generated on

the background of a shuffled mixture of the genes encoding the best
variants from round 6 (Supplementary Table S4). Following the failure
of the previous rounds to identify variants with improved VX detoxifi-
cation rates, the libraries were separately screened with VX and RVX.
However, no improved clones were found after screening library 7-1
with VX or with RVX, and initially isolated clones from library 7-2
were later shown to have only minor improvements (<2-fold increases
in rates of RVX neutralization relative to A53, and no improvement
compared to C23 in VX) in the verification screen.

Round 8 (Supplementary Tables S5–S8) explored substitutions in
positions in which beneficial mutations occurred in the earliest rounds
leading to variant C23. In our previous work (Cherny et al., 2013), two
key beneficial mutations of C23, H254G and F132E, were selected.
The rationale for revisiting these positions was as follows: Position 254
tolerated multiple amino acid substitutions in the first round, but the
mutation H254G dominated the best variants of the second round. The
mutation F132E was introduced following computational modeling
using Rosetta, and was also selected in the second round. However, key
adaptive mutations often interact with negative epistasis; i.e. they may
be beneficial on their own but deleterious when combined with other
mutations (Dellus-Gur et al., 2015). Hence, shifting evolutionary trajec-
tories may demand, e.g. reversion to wild-type sequence in one adap-
tive position in order to enable a second adaptive mutation to open
a new trajectory (Salverda et al., 2011). To explore reversion as well
as alternative options, round 8 (library 8-3) targeted mutations to
position 132 including reversion to the wild type amino acid, Phe
(Supplementary Table. S7). In parallel, library 8-4 targeted position
254, including reversion to an Asn, a previously found beneficial muta-
tion (Supplementary Table. S8). However, none of these substitutions
improved activity (including E132F, the wild-type residue). In fact,
substitution of E132 to Asp (a previously beneficial mutation) resulted
in a 2-fold loss of VX hydrolysis activity and a 2 to 6-fold reduction in
RVX hydrolysis. These results indicated that E132 not only plays a
key role in evolved variants, but that it is also positively interacts with
other positions. Whilst we cannot exclude the existence of alternative
trajectories, these results suggest that if such trajectory(s) exist they dif-
fer fundamentally from the trajectory that had been followed.

The successive rounds, 9 to 10-2 (Supplementary Tables S9–S11),
also failed to yield improved variants both in rationally and computa-
tionally designed libraries. Small improvements (~2-fold in VX) were
only observed in individually constructed variants that carried ration-
ally designed single point mutations (Library 10-3, Supplementary
Table S11). At this point, we concluded that we had reached a plateau
in the improvement of catalytic efficiencies (rounds 5–10, Fig. 2).

Stabilization of the evolving PTE variants

Whether the optimization plateau we had reached with PTE was
local or global was unclear. We suspected, however, that the accu-
mulation of mutations (i.e. 9–12 per gene) in selected variants along
10 directed evolution rounds had considerably reduced their
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Table II. Summary of library making strategies

Strategy Description

I Amino acid substitutions (typically ≥3 per site), targeted to one or more sites, applied to either single or multiple variants without shuffling;
on average ~2 substitutions per library variant.

II Shuffling of selected variants with or without the incorporation of new mutations.
III Simultaneous mutagenesis of sets of positions (typically 4–6 per variant) using site-specific substitutions.
IV Rationally designed site directed mutants with up to 3 mutations per variant.
V Whole gene random mutagenesis
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stability. Loss of stability may result in a reduction in the level of
active, soluble enzyme with nearly every additional mutation incor-
porated into the gene (Tokuriki and Tawfik, 2009; Sikosek and
Chan, 2014). Thus, screens of mutant libraries of marginally stable
variants are likely to fail to identify mutations that confer improve-
ments, and especially small improvements. Indeed, the inactivation
mid-point temperature (i.e. the temperature at which 50% of the
enzymatic activity is lost) of the best variant from round 10 that
incorporated nine mutations, C23-Y309W (46°C), was 6°C lower
than that of the starting point PTE-S5 variant (52°C; Fig. 3a).

Enzyme instability is usually indicated by reduced levels of solu-
bly expressed enzyme. Variations in expression levels between var-
iants were observed in crude cell lysates, however, the differences
were relatively small and not clearly correlated with specific activity
(data not shown). The PTE variants in our screen were expressed in
fusion with the maltose binding protein of E. coli (MBP, tagged at
the N-terminus). MBP is known to exhibit chaperon-like properties
lowering the tendency for misfolding and aggregation (Kapust and
Waugh, 1999). It is therefore conceivable that some PTE mutants
expressed in a soluble form yet were enzymatically impaired. This
hypothesis was later supported by the higher specific activity of the
stabilized variant, as discussed below.

Previously we introduced PTE-family consensus mutations
(Lehmann et al., 2000) derived from a sequence analysis, to boost

PTE’s stability while evolving it for higher activity. Three of these
mutations (K77A, A80V and I274N) were incorporated into C23
(Cherny et al., 2013). However, the potential for consensus stabil-
ization is limited, especially in PTE that has only a few orthologues
in the database, or can be exhausted with the accumulation of muta-
tions. We therefore subjected PTE to a web-available protein stabil-
ization algorithm, PROSS, which designs stabilizing mutations and
increases soluble protein expression without impairing protein func-
tion (Goldenzweig et al., 2016). Briefly, PROSS’s workflow com-
prises three stages: (i) Homologous sequences of the target protein
are analyzed and, for each position, the set of amino acids that
appear frequently across the natural diversity of the protein family is
derived. (ii) Starting from a high-resolution structure of the target
protein (or of a close homolog), Rosetta computational design simu-
lations (Whitehead et al., 2012) identify the subset of individual
mutations from the above set that are predicted to be independently
stabilizing. (iii) Rosetta’s combinatorial sequence design is used to
identify the combinations of mutations from the above subset that
lead to substantially improved native-state energy. The workflow
also allows the exclusion of active-site and other known critical
positions thus preserving the protein’s function. To design C23 for
higher stability we used the crystal structure of wild-type PTE as
input (PDB 1HZY). Since the number of known sequences of PTE
homologs is relatively low, we lowered the algorithm’s minimal

Table III. Summary of the directed evolution screening rounds

Round # Library # Library
making
strategya

Template
clones shuffled #

Positions targeted
for mutagenesis #

Theoretical
library diversityb

Clones
screened #

Nerve
agentsc

Improved variants initially
identified # (substrate)

5d 5 I 7 8 1260 900 VX, RVX 8 (VX+RVX), 5 (RVX), 6 (VX)
6 6-1 II 8 0 27 648 420 VX+RVX 5 (VX+RVX)

6-2 I 3 2 2116 420 VX+RVX 9 (VX+RVX)
7 7-1 I 2e 1 13 168 VX, RVX 0

7-2 II 12 9 2.48 × 108 670 VX, RVX 24 (VX, RVX)
8 8-1 I 7e 1 7 168 VX, RVX 7 (VX, RVX)

8-2 I 5e 1 7 84 VX, RVX 11 (VX, RVX)
8-3 I 8e 1 6 84 VX, RVX 12 (VX, RVX)

9 9-1 III 1e 5 75 336 VX 10 (VX)
9-2 III 1e 5 96 336 VX 11 (VX)
9-3 III 1e 4 180 336 VX 11 (VX)
9-4 III 1e 6 2268 168 VX 9 (VX)
9-5 III 1e 5 360 252 VX 20 (VX)
9-6 I 1e 2 400 252 VX 10 (VX)
9-7 IV 1f 7 13 13g VX 7 (VX)

10 10-1 I 1e 6 5600 420 VX 13 (VX)
10-2 I 1e 4 4096 420 VX 24 (VX)
10-3 IV 1e 6 14 14g VX 7 (VX)

11 11-1 IV 1e 3 120 440 VX 1 (VX)
11-2 IV 3e 4 90 440 VX 0

12 – I 1e 4 16 504 RVX 4 (RVX)
13 13-1 V 1e 336 NDh 1512 VX 2 (VX)

13-2 I 1e 5 96 756 VX 9 (VX)

aLibrary making strategy—see Table II.
bCalculated by assuming gene diversity due to shuffling as well as spiked mutations. On average, two mutations were spiked per clone in most libraries.
cNerve agents used for the screen were VX, RVX or a mixture of both (VX + RVX).
dRounds 1–5, beginning with PTE-S5 were described in (Cherny et al., 2013). Library 5 was created by (Cherny et al., 2013) and re-screened here. Consecutive

rounds described here are numbered 6–13.
eNot shuffled. Each clone mutated separately as a template.
fFold improvement in cell lysates relative to C23 for VX and relative to A53 for RVX.
gSingle-double or triple mutants made were individually purified and examined.
hND—not defined.
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sequence identity threshold to include homologous sequences with
≥28% similarity. Amino acid positions at the active site and at
PTE’s dimeric interface were held fixed (see Materials and methods,
Supplementary Table S12). Three designs were examined, bearing 7,
16 and 25 stabilizing mutations relative to C23 (and 9, 19 and 28
relative to PTE).

After testing these designs (Supplementary Figs S2, S3), we chose
the best one, d1-C23-Y309W, which contained seven stabilizing
mutations in addition to those of C23-Y309W and improved both in
metal binding affinity and thermal stability (Fig. 3). The inactivation
mid-point temperature of this variant was found to be 49°C (Fig. 3a),
thus increasing the stability of the evolved variant C23-Y309W by
3°C. Notably, the activity of the stabilized variant (d1-C23-Y309W)
with VX increased by 2-fold (Table I), although the stabilizing muta-
tions were far from the protein’s active site. This suggests that pre-
parations of C23-Y309W contained soluble yet inactive, or poorly
active enzyme. Such improvements in specific activity were seen in
other PROSS stabilized enzymes (Goldenzweig et al., 2016).

Further optimization of catalytic efficiency

In the next round, 11, we explored simultaneous substitutions of
positions 267, 270 and 271 from loop 7, and of positions 303, 306,
309 and 310 from loop 8 (Supplementary Table S14). According to
our docking models residues at these positions may be in contact
with the substrate. However, since screening of libraries of individ-
ual mutations in these positions did not yield any improvements, we
considered libraries of simultaneous substitutions. We also assumed
that the stabilized background (d1-C23-Y309W) might enable
acceptance of mutations that could not be previously accepted due
to loss of stability. Our best variant from this round, 4E11, had
three new mutations and was improved by 2-fold compared to d1-
C23-Y309W (kcat/KM = 3.1 × 107M−1 min−1 with Sp–VX, Table I).
Since the activity of this variant with VX was only 1.6-fold lower

than our target goal, we aimed in the next round, 12, to optimize
RVX hydrolysis activity. A detailed description of this round is pre-
sented in the next section. After we identified an improved RVX
variant with a catalytic efficiency of ~107M−1 min−1 with Sp–RVX
in round 12, we continued to improve VX hydrolyzing activity in
round 13.

Along the six rounds of directed evolution for VX hydrolysis
described so far, and the five rounds previously described (Cherny
et al., 2013), we explored targeted substitutions at most of PTE’s
active-site positions. In some cases, we explored the same positions
in different rounds. Overall, this strategy yielded significant
improvements, but at this stage, it seemed to have been exhausted.
Thus, we decided to generate variant libraries using whole-gene ran-
dom mutagenesis. Screening ~1600 clones from a random mutagen-
esis library of stabilized variant d1-C23-Y309W (round 13-1), we
identified two beneficial mutations, V80M and D233N. The first one,
V80M, is probably a stabilizing mutation as it occurred in a position
far from the active site, at which the stabilizing mutation (A80V) was
previously identified (Tokuriki et al., 2012; Cherny et al., 2013).

20 30 40 50 60 70 80
0

20

40

60

80

100

(a)

PTE S5 C23-Y309W d1-C23-Y309W
0

20

40

60

80

R
es

id
ua

l a
ct

iv
ity

 (
%

)

100
(b)

Temperature (°C)

R
es

id
ua

l a
ct

iv
ity

 (
%

)

PTE S5
C23-Y309W
d1-C23-Y309W

Fig. 3 Thermal stability and resistance to metal chelation of PTE variants.

(a) Thermal inactivation assay. Purified wt-like PTE S5 (black line; ●), variant

C23-Y309W (red line; ), and stabilized variant d1-C23-Y309W (blue line; ),

were incubated at different temperatures for 30min in replicates (three per

variant). The residual paraoxoanase activity was measured after cooling

down to room temperature. Shown is the % residual activity (normalized to

the activity of untreated enzyme) as a function of the incubation temperature.

Data for purified PTE-S5 taken from (Goldenzweig et al., 2016). (b) Metal-

chelating inactivation assay. The purified proteins were incubated for 30min

at 37°C with 1,10-phenanthroline (50 μM). The residual paraoxonase activities

are plotted relative to the protein activity in a zinc-containing buffer. Error

bars denote the standard deviation (n = 8).
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However, D233N is an active site mutation that was actually found
to be beneficial in earlier rounds (rounds 6–7, Supplementary
Tables S1, S4a). We subsequently shuffled these two mutations
(V80M and D233N) with the mutations of the best variant from
round 11 (4E11) and with some rationally designed mutations
(round 13-2; Supplementary Table S15). Screening the resulting
round 13 library identified several variants that exhibited the desired
catalytic efficiency toward VX (kcat/KM = 5 × 107M−1 min−1 with
Sp-VX; Table I).

Engineering RVX hydrolyzing variants

The best previously evolved RVX hydrolyzing variant, A53, exhib-
ited 5-fold higher catalytic efficiency for Sp-RVX hydrolysis than
C23 (Cherny et al., 2013). However, its kcat/KM value (3.5 × 106

M−1 min−1) was >10-fold lower than our catalytic efficiency goal.
A53 was also found to be unstable with a high tendency to misfold
and aggregate. Initially, we attempted to evolve C23 both for VX
and RVX hydrolysis. Accordingly, in rounds 5, 7 and 8 we screened
separately with VX and RVX, and selected only variants that
showed improved activity with both substrates. In round 6, we
screened for detoxification of a mixture of both agents (Table III).
The failure to identify improvements suggested a tradeoff between
these two substrates. This tradeoff was somewhat unexpected
because of the relatively small structural differences between VX
and RVX (Supplementary Fig. S1) but became evident when individ-
ual variants were characterized. For example, the catalytic efficiency
of our best round 11 variant, 4E11, with RVX was ~78-fold lower
than it efficiency with VX (Fig. 4) and 125-fold lower than our goal
(Table I). Nonetheless, upon analyzing selected variants from rounds
1 to 7, we identified one relatively efficient RVX hydrolyzing vari-
ant, IVA1 (Goldsmith et al., 2015). Variant IVA1 had a catalytic
efficiency of 5.3 × 106M−1 min−1 with Sp-RVX and did not exhibit
low stability as A53.

In an attempt to increase the stability of this variant for further
rounds of directed evolution, we grafted the mutations of IVA1 onto
the stabilized design of d1-C23-Y309W. The resulting d1-IVA1 vari-
ant (Table I) also showed ~2-fold higher specific activity, as with d1-
C23-Y309W described above, and a catalytic efficiency (kcat/KM) of
1.16 × 107M−1 min−1 with Sp-RVX. Notably, despite the fact that
the set of seven stabilizing mutations introduced into d1-C23-
Y309W and d1-IVA1 was designed based the structure of wild-type
PTE, and that both variants differ by up to 12 mutations from wild-
type PTE, they were not only stabilized but also showed higher cata-
lytic efficiency.

C23-Y309W and IVA1 differed in four positions (i.e. 59, 106,
233 and a deletion at position 266). We surmised, however, that one
of these mutations is primarily responsible for the switch from VX to
RVX. As previously noted (Cherny et al., 2013; Goldsmith et al.,
2015), all variants that contained the I106A substitution exhibited
more efficient hydrolysis of RVX than VX, and vice versa. Indeed,
according to our computational model, position 106 is in direct con-
tact with the O-alkyl groups of V-agents (Cherny et al., 2013). We
thus examined the effect of mutations of I106 to Ala or Cys, whose
side chains length is intermediate, in the three most active VX hydro-
lyzing variants from the last round (round 13). As can be seen from
Table I and Supplementary Fig. S4, mutating I106 to Cys decreased
the rates with both RVX and VX. In contrast, mutating to Ala
increased RVX activity by ~3-fold while decreasing the VX rates by
~7.5-fold. Since the initial VX/RVX activities ratio was on average
15 (Supplementary Fig. S4), the mutation of I106 to Ala resulted in
variants that have almost equal detoxification efficiencies with VX
and RVX (~107 M−1 min−1, Supplementary Fig. S5).

Evolved variants are broad-spectrum nerve agent

detoxifiers

Although our priority had been to evolve optimized hydrolases of
the more toxic nerve agents, VX and RVX, an applicable medical
countermeasure should have broad-spectrum detoxification activity.
As such, it should also promote the hydrolysis of the less toxic Rp

isomers of VX and RVX, the Sp isomer of the less abundant threat
agent Chinese VX (CVX), and also of G-type nerve agents
(Supplementary Fig. S1). The large differences in the physico-
chemical properties of these agents make it unlikely that a single
variant would efficiently hydrolyze all of them including their differ-
ent isomers. A more likely scenario is that a mixture of a few var-
iants that differ by only a small number of mutations would be able
to provide broad-spectrum prophylactic activity against nerve
agents. We thus examined the activity of our evolved variants with
CVX, the Rp-isomers of V-agents and with G-type nerve-agents
(Table IV).

The second-order rate constant for inhibition of hAChE by the
Sp isomer of VX (ki = 1.4 × 108M−1 min−1) is ~120-fold greater
than that of its Rp isomer (Ordentlich et al., 2004). Thus, it is suffi-
cient for a catalytic bioscavenger to have an efficiency (kcat/KM), i.e.
≥5 × 105M−1 min−1 with the Rp isomer of VX, in order to detoxify
this isomer in the circulation before it inhibits blood cholinesterase
activity. Our most active variants hydrolyze the Rp isomers of V-
agents with kcat/KM values of ≥ 5 × 105M−1 min−1 and thus amply
meet this threshold (Table IV).

CVX is similar in structure to RVX except for its O-alkyl group
(Supplementary Fig. S1). A previous analysis of selected variants
from rounds 1–7 indicated that the toxic Sp isomers of CVX and
RVX were hydrolyzed at very similar rates (Goldsmith et al., 2015).
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Evolved variants from rounds 11–13, exhibited similar catalytic effi-
ciencies with Sp-RVX and the rapidly hydrolyzed isomer of CVX
(Tables I, IV). Although we did not resolve the identity of the hydro-
lyzed CVX isomers, the structural similarity to RVX suggests that
the rapidly hydrolyzed isomer is Sp-CVX. Thus, our most improved
RVX hydrolyzing variant, d1-IVA1, may also provide effective pro-
tection from CVX.

Previously, we found that some G-agents such as GA and GB
were efficiently hydrolyzed by PTE variants that were evolved
toward VX (Cherny et al., 2013). Here, we tested for the ability of
our evolved variants to hydrolyze all G-type nerve agents and found
that they hydrolyze the toxic isomers of GF and GD with ~10–200-
fold lower rates than V-agents (Table IV). GA and GB, on the other
hand, were hydrolyzed at rates that far exceed our catalytic effi-
ciency goal (5.5–28 × 107M−1 min−1, Table IV).

The origins of catalytic improvements

PTE has evolved to hydrolyze the pesticide parathion and its oxida-
tion product, paraoxon (Supplementary Fig. S1) with very high cata-
lytic efficiency (kcat/KM ≈ 109M−1min−1) (Dumas et al., 1989).
Paraoxon differs from V-type nerve agents in several aspects:
(i) Unlike V-agents, paraoxon does not have a chiral phosphorous
center. (ii) Paraoxon is a phosphotriester with two O-ethyl substitut-
ing groups while V-agents are phosphonates with one O-alkyl sub-
stituting group. (ii) The pKa of the phenol leaving-group of
paraoxon is 7.15 (Serjeant and Dempsey, 1979) while that of V-
agents is 7.9 (Maglothin and Wilson, 1974). (iv) Foremost, hydroly-
sis of paraoxon requires a P–O bond cleavage while that of V-agents
involves a P–S bond cleavage. PTE exhibits a large thio-effect; i.e.
the rate of thio-phosphoester hydrolysis by PTE is ~103-fold com-
pared to an oxo-phosphoester with the same pKa (Hong and
Raushel, 1996; Ashani et al., 2013).

Given these differences, the large increase in the efficiency of VX
hydrolysis by evolved PTE variants was expected to result in a concomi-
tant decrease in the catalytic efficiency of paraoxon hydrolysis.
However, in agreement with previous observations (Khersonsky and
Tawfik, 2010), we found a weak tradeoff between the two activities.
Although the evolved variants improved by up to 5000-fold in VX
hydrolysis (e.g. 4E11, 10-1-D11 compared to wild-type PTE; Table I)
their paraoxonase activity was reduced by only 26-fold (Supplementary
Table S16). A significantly larger decrease in catalytic efficiency for
paraoxon was found in variants that contained the I106A substitution
(i.e. up to 387-fold; Supplementary Table S16). This difference supports
the role of position 106 in binding the O-alkyl group of the substrate
and aligning it for catalysis. Finally, we observed similar rate decreases
with paraoxon and parathiol, the P–S ester analog of paraoxon (and
also with parathion, the P = S analog; Supplementary Fig. S1,
Table S16). This result indicated that there was no selective improve-
ment in the ability of the evolved variants to breakdown a P–S bond
compared to a P–O bond.

In light of the above, we suggest that the mutations incorporated
into PTE along this directed evolution trajectory did not increase its
catalytic efficiency by modifying its catalytic mechanism. Rather,
these mutations improved the alignment of V-agents in PTE’s active
site such that the frequency of catalytically productive substrate
binding events increased. An increase in catalytic efficiency can
result from a reduction in KM, an increase in kcat or both. Increased
turnover rates (kcat) can result from a larger fraction of substrate
binding events that lead to product formation rather than dissoci-
ation (Bar-Even et al., 2015). Unfortunately, due to toxicity andT
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solubility limitations, we were unable to measure individual KM and
kcat values for the V-agents.

Discussion

Directed evolution can be viewed as an experimental algorithm
applied to bypass knowledge gaps in our understanding of protein
sequence, structure and function relations. It seems to work rather
well for moderate increases in weak, promiscuous enzymatic activ-
ities. However, success is less obvious in deriving variants whose
selected traits (e.g. substrate selectivity and catalytic efficiency) are
several orders of magnitude greater than that of the starting point
enzyme. Simply performing more rounds of mutagenesis and screen-
ing or selection does not guarantee that the target goals will be
achieved. Prolonged directed evolution efforts are likely to result in
‘diminishing returns’ in which the magnitude of improvements in
the selected trait decreases with every round of mutagenesis and
selection. An inevitable outcome of strong diminishing returns is an
‘optimization plateau’, whereby library screens fail to identify var-
iants with further improved catalytic efficiency.

Diminishing returns and optimization plateau

We aimed to further improve the catalytic efficiency of a previously
described V-agent hydrolyzing PTE variant, C23, by 10-fold with
Sp–VX and by 76-fold with Rp–RVX. These improvements seemed
modest in comparison to the 525- and 943-fold increases in VX and
RVX hydrolytic activity obtained by C23 within 5 rounds of direc-
ted evolution (Cherny et al., 2013). However, following 5 additional
rounds of directed evolution, our best variant (C23-Y309W,
obtained in round 10) was improved only by 0.4-fold over C23 with
VX, and not improved for RVX at all (Table I). In fact, none of the
5500 random clones screened from the 18 different libraries we con-
structed had shown any significant improvement in VX hydrolysis.
The best clone from round 10 (C23-Y309W) was actually obtained
by testing rationally designed single point mutants.

Like many other optimization processes, evolutionary optimiza-
tions are subject to diminishing returns. For example, a long direc-
ted evolution trajectory of PTE toward aryl esterase activity led to
~3 × 104-fold increase in catalytic efficiency upon 18 rounds of ran-
dom mutagenesis and screening (Tokuriki et al., 2012). However,
the last round of that evolution gave 25-fold lower fold-
improvement per mutation compared to the first one. In natural
adaptive evolution, a similar phenomenon has been described in sin-
gle genes (Schenk et al., 2013), viruses (Rokyta et al., 2011), unicel-
lular organisms (Chou et al., 2011) and multicellular organisms
(Schoustra et al., 2016).

Diminishing returns are therefore expected, thus making opti-
mization plateaus inevitable. Upon encountering such a situation,
the complexity of protein fitness landscapes burdens decision mak-
ing. The experimentalist is faced with a number of difficult ques-
tions: can the ‘plateauing’ improvement rate of the evolved
enzymatic activity be elevated? And if so, by how much more? Are
there alternative evolutionary trajectories that can lead to higher
activities (i.e. is this a local or global plateau)? Can the evolved
enzyme ‘cross-over’ to these alternative trajectories? And if so,
where is the crossing point? Adaptive mutations, typically the early
ones, often interact with negative epistasis; i.e. they may be benefi-
cial on their own but deleterious when combined (Dellus-Gur et al.,
2015) thus dictating discrete trajectories (Salverda et al., 2011).
Therefore, to access alternative trajectories, one might need to revert

several mutations back to an early evolutionary intermediate or
even to the starting point variant.

Orthogonal solution in PTE’s sequence space

The fact that different sequence combinations, which can improve
an enzyme toward a given substrate, may exist is also evident in the
case of PTE and V-agents. Parallel efforts to enhance the catalytic
efficiency of PTE with VX (Bigley et al., 2013) and with RVX
(Bigley et al., 2015) have been described. The catalytic efficiency of
the most efficient Sp-VX hydrolyzing variant of Bigley et al., VRN-
VQFL (4.2 × 106M−1 min−1) was similar to that of C23 (5 × 106

M−1 min−1). However, these two variants have only two mutations
in common (A80V, a stabilizing mutation, and I274N, an active-site
mutation) and two substituted positions in common: 132 and 254
(Supplementary Table S17). The remaining five mutations in VRN-
VQFL, and six in C23, were unique. In the case of RVX hydrolyzing
PTE variants, the most catalytically efficient variant described by
Bigley et al. (2015) was L7ep-3a I106G. Again, the sequence similar-
ity to our variants was low: one identical substitution (I274N) and
three shared positions (106, 132, and 254; Supplementary
Table S18) for a variant with a similar catalytic efficiency.

We hypothesize that our mutational trajectory and the one fol-
lowed by Bigley et al. are mutually exclusive. For example the amino
acid occupying the key position 254 seems to dictate the occupancy at
the key position 132 that resides on the opposite side of PTE’s active
site (Supplementary Fig. S6). Accordingly, in our evolutionary trajec-
tory, the mutation F132E was only seen in variants that had Asn or
Gly at position 254, but not in variants having Gln. Variants that had
Gln at position 254 had Asp at 132 (Supplementary Table S2 in
(Cherny et al., 2013)). Accordingly, mutating 132 from Glu to Asp at
advanced stages of our trajectory resulted in near-complete loss of VX
activity. The variant QF (H254Q/H257F) was the starting point vari-
ant in the evolution of PTE for VX hydrolysis by Bigley et al. (2013).
The next beneficial mutation was F132V and the combination F132V
+ H254Q became the core of all subsequently improved variants
(Bigley et al., 2013, 2015). Judging by the deleterious effect of the
F132E + H254Q combination in our trajectory, the Bigley trajectory
seems incompatible with our trajectory that was based on the F132E
+ H254G combination. Structural analysis may explain this incom-
patibility, although negative epistasis interactions between distal
mutations may not be easy to detect (Dellus-Gur et al., 2015).
Whether the evolutionary trajectories pursued by Bigley et al. were
exhausted (i.e. VRN-VQFL and L7ep-3a I106G comprise an opti-
mization plateau), or whether they may lead to variants that are as
active, or even more active than the ones described here is unknown.
It is, however, clear that given sufficient library making and screening
capacities, for example see (Obexer et al., 2016), following several
evolutionary trajectories in parallel during directed evolution may
improve the chances of reaching the target goal.

Stabilization-enabled, continued evolutionary

optimization

A hallmark of the ‘diminishing returns’ effect is the increasing identi-
fication of false-positive variants in advanced screening rounds.
Such variants seemed improved when assayed in crude cell lysates,
but not when assayed as purified proteins. The increased identifica-
tion of false positives prompted us to examine whether protein sta-
bility began to dominate our screen for higher activity; i.e. that less
active clones appeared to have a greater activity than clones that
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were, in fact, more active, but expressed much lower levels of sol-
uble, folded protein.

The marginal thermodynamic stability of most enzymes enables
them to acquire only a few function-altering mutations (Bloom
et al., 2006; Tokuriki et al., 2012). The computational stabilization
of C23-Y309W improved not only its stability, but also increased its
catalytic efficiency by twofold and boosted PTE’s potential to evolve
further. Up to four additional substitutions were successfully incor-
porated into the stabilized variant in just two successive rounds
(rounds 12 and 13) thus increasing its VX activity. In fact, some of
the newly acquired substitutions were included in libraries of previ-
ous rounds, yet were not selected (A270S in library 6-2, and S267M
and D233G in library 7-2). Stabilization might have been a pre-
requisite for acquiring these beneficial mutations (Supplementary
Tables S2, S4). An unexpected beneficial side effect of stabilization
has been the increase of ~2-fold in catalytic efficiency of VX and
RVX hydrolysis in stabilized variants. All the designed stabilizing
mutations were of surface residues that reside in neither the active
site nor the dimer interface. Accordingly, incorporation of these sta-
bilized mutations increased activity irrespective of the composition
of active-site mutations in evolved, marginally stable variants (VX-
hydrolyzing C23-Y309W or RVX-hydrolyzing IVA1). Thus, the
beneficial effect of these stabilizing mutations is exerted, in most
likelihood, via an increase in the fraction of soluble and properly
folded enzyme, and not by an influence on catalytic activity per se.

Overall, in our case, ‘breaking away’ from the improvement plat-
eau’ was enabled by the introduction of stabilizing mutations. A sig-
nificant increase in stability was required and seven mutations,
computationally designed, were simultaneously incorporated to
achieve this task. The increase in stability therefore comprised a
non-incremental move in sequence space. Some of these stabilizing
mutations, or alternative ones, might have been individually pre-
dicted (e.g. by consensus analysis (Sullivan et al., 2012), or specific
algorithms (Bednar et al., 2015; Magliery, 2015)), or selected by
rounds of directed evolution for protein stability. However, their
individual contribution to stability might have been difficult to
detect, and the process of accumulating seven mutations would have
been laborious and time consuming. The above said, protein stabil-
ization might be a necessary condition for continued evolutionary
optimization, but it is certainly not a sufficient one.

Activity tradeoffs lead to an optimization plateau

In retrospect, there were factors in addition to stability that seemed
to have hindered our progress, foremost, activity tradeoffs. We
attempted to simultaneously improve rates with both VX and RVX
by selecting for variants that showed high activity with both sub-
strates (rounds 5, 7 and 8), or even by using a mixture of both sub-
strates in the screen (round 6). However, there seemed to be a
strong tradeoff between these two substrates (Fig. 4). Thus, co-
selection had probably hindered the identification of variants that
were improved with one of the two substrates. The VX–RVX trade-
off also explains the unfortunate choice of staring point variants for
the construction of some libraries. Sub-libraries 6-1 and 8-4, e.g.
were designed on the basis of variants that did not contain the Ile at
position 106 although I106 turned out to be crucial for activity with
VX. The role of position 106 in switching the specificity of PTE
between VX and RVX was recognized in our computational model-
ing (Cherny et al., 2013) yet we assumed that there are mutational
solutions that could provide high activity with both substrates.
Apparently, we failed to identify such solutions. Thus, co-selection

for two substrates, even if they differ slightly in their substituting
moieties, as is the case for VX/RVX, may prevent the optimization
of catalytic activity with either one.

Prospects for broad-spectrum nerve agent prophylaxis

V-type nerve agents are more toxic upon skin penetration, more
stable and environmentally persistent than G-agents such as Sarin,
Soman and Tabun (Munro, 1994). The limitations of currently
available medical means for prevention and treatment of nerve agent
intoxications in general, and of V-agents in particular, promoted the
idea of using catalytic nerve-agent hydrolyzing enzymes as biosca-
vengers, in order to augment or replace current medical treatment
protocols (Lenz et al., 2007; Bird et al., 2010; Worek et al., 2016).
The main advantage of using catalytic bioscavengers over non-
catalytic ones, such as butyrylcholinesterase, is the ability to provide
effective protection using a much lower enzyme-drug dose (Ashani
and Pistinner, 2004) thus reducing both the cost and the risk of
unwanted side-effects of bioscavengers (Schellekens, 2002). Highly
efficient catalytic bioscavengers can also be used in decontamination
and environmental bioremediation (Jacquet et al., 2016).

Overall, following 13 rounds of directed evolution, the catalytic
efficiency of PTE was improved up to 5.1 × 103-fold with VX and
1.7 × 104-fold with RVX. The evolved variants exhibit kcat/KM

values that are 2–9-fold higher than the average natural enzyme, 6 ×
106min−1M−1 although they are ~100-fold less efficient than wild-
type PTE with its natural substrate paraoxon. According to our
working model (Ashani et al., 2016), the catalytic efficiencies
obtained for all isomers of VX and RVX by our best variants (i.e.
10-2-C3 and 10-1-D11), in addition to their catalytic efficiencies
with G-agents, and especially GA ((13–28) × 107min−1M−1) and
GB ((6–8) × 107min−1M−1), suggest they can become advanced
drug candidates for effective prophylaxis or post-exposure therapy
of nerve-agent intoxication using low enzyme doses. These variants
may also serve for non-corrosive, nerve-agent decontamination of
personnel, equipment and surfaces.

Material and methods

PTE variant library construction

The PTE gene was cloned using EcoRI and PstI sites into a
pMALc2x expression vector (NEB®) fused to an N-terminal MBP
tag. Libraries of PTE variants were constructed using the following
methods.

Site directed mutagenesis using single point mutations or degener-
ate codons (Table II, I, III, IV): Single point mutations or degenerate
NNK codons were encoded in the center of 22–28bp synthetic oligo-
nucleotides (oligo’s). A reverse oligo encoding the complementary
region was used for whole-plasmid PCR amplification using PfuUltra®

II Fusion HS DNA Polymerase. The original plasmid was eliminated
by digestion with DpnI (NEB®). The PCR product was purified using
a PCR purification kit (QIAGEN®), phosphorylated using T4 PNK
(NEB®) and 10mM ATP (SIGMA) and ligated using T4 DNA ligase
(Thermo®). Ligation products were purified by ethanol precipitation
and transformed to electro-competent E.cloni® cells (Lucigen®). Cells
were plated on LB-agar plates with Amp (100mg/l). Plasmids contain-
ing the correct sequence were identified by colony PCR using Taq
polymerase (Bio-ReadyMix®), isolated and transformed into the
expression strain GG48 (Grass et al., 2001) for screening.

Generating Targeted Libraries by the combinatorial incorporation
of synthetic oligonucleotides during gene shuffling (Table II, II): We
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applied the ISOR method (Rockah-Shmuel et al., 2014) as follows;
amino-acid substitutions were introduced using short oligonucleotides
encoding the mutated site flanked by the wild-type sequences. These
were added to mixtures of 50–250 bp fragments of selected PTE
variants, PCR amplified and cloned into a pMAL-c2x expression
vector using EcoRI and PstI sites as described in (Rockah-Shmuel
et al., 2014). The protocol was tuned to obtain a combinatorial
incorporation of the designed mutations at an average of 2 ± 1 muta-
tions per gene.

Shuffled clones libraries (Table II, II): Selected clones were PCR
amplified using iPFU ready-mix (Intron®), DpnI digested and puri-
fied as described above. The PCR products were mixed at equal con-
centrations to a total of 20 μg DNA mix, digested to 50–250 bp
fragments, purified and assembled to whole genes by PCR as
described (Rockah-Shmuel et al., 2014) without the introduction of
spiking oligos. The PCR products were then cloned into the expres-
sion vector as described above.

Random mutagenesis libraries (Table II, V): Whole-gene random
mutagenesis was performed using the GeneMorph® II Random
Mutagenesis Kit (Stratagene®) and oligos immediately upstream and
downstream to MBP–PTE’s ORF, using only 10 cycles and 0.5 μg
template according to the manufacturer’s protocol. The PCR prod-
uct was then digested with DpnI, purified on Micro Bio-Spin™
6 Columns (BioRad®), and amplified by PCR using iPFU ready-mix
(Intron®). The resulting gene library was digested with EcoRI-HF®

and PstI-HF® and cloned into a pMALc2x (NEB®) vector.

Computational library design

Initially, a transition state (TS) model was constructed with an in-line
nucleophilic attack by a hydroxide on the phosphorus atom idealizing
the TS geometry to a trigonal bipyramidal geometry (Aubert et al.,
2004). The TS models were superimposed onto the binuclear metal site
of PTE variant C23 using the crystal structures with the phosphoryl
oxygen coordinating the Znβ atom (Dym et al., in preparation) and
using the RosettaDock software suite (Meiler and Baker, 2006; Davis
and Baker, 2009) to explore energetically favorable alignments. The
top scoring docked poses were visually inspected and chosen for design
and rigid body minimization. A distance restraint of 2.15 ± 0.25Å
was added between the phosphoryl oxygen and Znβ atom and a rigid-
body minimization was performed using Talaris2014 (Leaver-Fay
et al., 2013) with RosettaScripts (Fleishman et al., 2011). Interactions
between models and enzyme were optimized using RosettaDesign algo-
rithm (Kuhlman et al., 2003). Substitutions were evaluated using a
position-specific scoring matrix computed using psipred (McGuffin
et al., 2000) based on the PTE sequence from Brevundimonas diminu-
ta followed by ΔΔG calculations using the ΔΔG monomer application
(Kellogg et al., 2011).

Computational design of stabilized C23 variants

To design stable variants of C23 we applied the PROSS algorithm
(Goldenzweig et al., 2016) on wild-type PTE, (pdb entry: 1HZY,
chain A). To increase the diversity of homologs for the sequence
analysis, we lowered the minimal sequence identity threshold to
28% (default is 30%). To avoid changes in the enzymatic function
or disruption of PTE’s active-site region all residues that are within
8 Å from the ligand O,O-diethyl-hydrogen-thiophosphate in PDB
entry 4NP7 were selected (39 residues), assigned residue numbers as
in pdb entry 1HZY, and excluded (i.e. held fixed in the Rosetta
simulations). We also excluded 35 residues at PTE’s dimeric inter-
face (all residues within 5 Å from chain B). Three designs were

selected for experimental testing; DNA sequences bearing the stabil-
izing mutations, the C23 mutations were ordered as synthetic DNA
(Gen9®) with optimal codons for E. coli expression. The DNA was
amplified by PCR using external primers and cloned into the expres-
sion vector pMALc2x using EcoRI and PstI restriction sites.

PTE library screening

Screening was performed essentially as described (Cherny et al.,
2013). Briefly, randomly picked colonies were individually grown
O/N in 96-deep-well plates (Axygen®). Overnight cultures were
used to inoculate (1:100 dilution) 0.5ml LB medium with 100 μg/ml
ampicillin and 0.1mM ZnCl2, grown to OD600 nm≈ 0.6, induced
with 0.4mM IPTG, and grown at R.T O/N. Cells were pelleted and
lysed by resuspension and shaking in 300 µl/well of lysis buffer
(0.1M Tris pH 8.0, 0.1M NaCl, 0.1% v/v Triton-X100, 0.2mg/ml
lysozyme, 10mM Na2CO3 and 1:50 000 Benzonase nuclease).
Lysates were centrifuged and kept at 4°C O/N before screening.
Ovearll, 40 μl of clear cell lysate from each well were mixed with,
20 μl of in situ generated V-agents (50–4000 nM) and 40 μl of pure
hAChE (human AChE, 2.5 nM). The reaction mixtures were incu-
bated for 60min before determination of residual AChE activity by
mixing 20 μl of the reaction mixture with 180 μl PBS containing
0.85mM DTNB and 0.55mM acetylthiocholine. Initial velocities of
acetylthiocholine hydrolysis were determined at 412 nm using a
Powerwave HT spectrophotometer (BioTek®).

Enzyme expression and purification

The recombinant PTE variants (MBP N-terminal fusion) were
expressed and purified as previously described (Cherny et al., 2013).
Briefly, the PTE genes were cloned into a pMALc2x expression vector
(NEB®) and transformed into E. coli BL21/DE3 cells. The culture grew
in 2YT medium including ampicillin overnight at 37°C. The inoculate
was dilute 1:100 into LB medium with ampicillin (100 μg/ml) and
0.2mM ZnCl2 and grown at 37°C to OD600 nm ≈ 0.6. IPTG was
added (0.4 mM), and the culture was allowed to grow overnight at
20°C. Cells were harvested by centrifugation and re-suspended in Lysis
buffer (0.1M Tris pH 8.0, 0.1M NaCl, 10mM NaHCO3, 0.1mM
ZnCl2, 0.4mg/ml Lysozyme (Sigma®), 1:500 diluted protease inhibitor
cocktail (Sigma®), 50 Units Benzonase nuclease (Merk®)). Cells were
then lysed using sonication, clarified by centrifugation (10 000 × g, 4°C,
30min) and passed through a column packed with amylose beads
(NEB®) pre-equilibrated with ‘wash buffer’ (0.1M Tris pH 8.0,
0.125M NaCl, 10mM NaHCO3, 0.1mM ZnCl2). Following an
extensive (10 c.v) wash using the ‘wash buffer’, the MBP–PTE fusion
proteins were eluted with ‘wash buffer’ supplemented with 10mM
maltose. The fractions containing pure MBP–PTE variants were pooled
and dialyzed overnight at 4°C with 0.1M Tris pH 8.0, 0.1M NaCl.
Protein concentrations were examined by absorbance at 280 nm
(extinction coefficient value for the MBP fused enzymes was ε = 95925
OD/M) and by PAGE-gel densitometry using BSA for calibration.
Human AChE was cloned into the pHLsec expression vector (Aricescu
et al., 2006) and produced in large scale in HEK293T cells. The
secreted protein was purified from the medium by affinity chromatog-
raphy (Sussman et al., 1988).

Enzyme kinetics

The hydrolysis rates of the individual isomers of VX or RVX and of
racemic Chinese VX (CVX) were monitored by following the release
of their thiol leaving groups using DTNB (Ellman et al., 1961). To a
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cuvette containing a 1 ml solution of 50 mM Tris–HCl (pH 8.0),
50 mM NaCl, and 0.7 mM DTNB (Ellman’s reagent), we added
purified PTE variants (final conc’ range of 0.01 – 0.2 μM) and the
mixture was pre-incubated at 25°C for 4min. The hydrolysis reac-
tion was initiated by the addition of V-agents (final concentration
range of 10–30 μM). The increase in the concentration of thio-(2-
nitro)-benzoic acid (Ellman’s chromophore) in the reaction mixture
as function of the reaction time was monitored continuously by
measuring absorbance at 412 nm. Measurements were continued
until ≥95% of the expected maximal absorbance was reached. The
absorbance relating to 100% hydrolysis of the examined V-agent
was determined separately by replacing the PTE solution with a
solution of 0.5M NaF in 50 mM phosphate buffer, pH 8.0. Data
points were fitted to a mono exponential equation and the apparent
first order rate constant was divided by the PTE concentration to
obtain kcat/KM.

The detoxification rates of individual isomers of nerve agents
were determined also using the AChE assay, essentially as described
(Cherny et al., 2013). Purified PTE variants (2.5–20 μl) were added
to a buffered solution (1 ml, 50mM Tris–HCl pH 8.0, 50mM
NaCl) containing 0.2–0.5 μM of the nerve-agent substrates. The
final PTE concentration range was 1–200 nM. Solutions of individ-
ual nerve agent isomers (10–50 µM) were generated in water (details
available upon request). At selected time intervals, aliquots (5–10 μl)
were removed from the hydrolysis reaction into solutions of recom-
binant human AChE (0.2–0.5ml, 10mM phosphate buffer pH 8.0,
final hAChE conc’ 4–7 nM). The dilute aliquots were incubated for
60min at RT to ensure complete interaction between the OPs and
hAChE. Maximal hAChE inhibition was determined by dilution of
the same OP concentration into the buffer solution (50mM Tris–
HCl pH 8.0, 50mM NaCl) in the absence of the PTE variant, and
kept at ≤90% by adjusting the OP concentration accordingly.
Residual hAChE activity was determined by diluting the aliquot
solution (50–100-fold) into a solution of acetylthiocholine iodide
(ATC) (1 mM) and DTNB (0.7 mM) and monitoring absorbance at
412 nm over 1.5min. The hAChE activity assay was repeated for
each sample after 75–80min to ascertain the percentage of hAChE
inhibition. The spontaneous hydrolysis of ATC was subtracted from
all ATC hydrolysis rates. The spontaneous hydrolysis of the nerve
agents in 50mM Tris, 50 mM NaCl pH 8.0 was negligible over the
time period used to monitor detoxification by the PTE variants. The
percentage of hAChE inhibition was calculated from the ratio of
residual hAChE activity at each time point to the residual hAChE
activity at t = 0 (before the addition of PTE). The apparent first-
order detoxification rate constant (k) was obtained by fitting the
plot of the % hAChE inhibition as a function of the incubation time
to a single exponent. The catalytic efficiency kcat/KM was obtained
by dividing k by the molar concentration of PTE.

Thermal inactivation assay

Samples of purified PTE proteins (20 µl, 0.5 μM) in 96-well PCR
plates (Axygen®) were incubated in a gradient PCR (Biometra®) for
30 min at a range of temperatures, cooled to 4°C for 10 min, and
moved to RT. The samples were diluted 1:10 in activity buffer
(50mM Tris–HCl pH 8.0, 50mM NaCl) and their residual paraox-
onase activity was measured by the addition of paraoxon (35 μM;
total assay volume 200 µl). The OD405nm was recorded for 5min in
a BioTek Synergy HT ELISA plate reader. Triplicate samples of each
variant at each temperature were assayed. The residual activity was
derived from the initial velocities of paraoxon hydrolysis for the

heat-inactivated sample divided by the velocity observed for the
untreated variant kept at room temperature. The inactivation mid-
point temperature, i.e. the temperature leading to a residual activity
of 50%, was calculated by fitting the residual activity at different
temperatures to a 4-parameter Boltzmann sigmoidal curve: At = A0 +

−
+ ( − )

A A

e1 Tm T m
f 0

/
; where At corresponds to the residual activity following

incubation at a given temperature T, A0 is the activity of the control
sample at room temperature, Af is the activity following incubation at
the maximal inactivating temperature and m is the sigmoidal slope
coefficient.

Metal chelation assay

Samples of purified PTE variants (20 µl, 0.5 μM) were transferred to
96-well PCR plates (Axygen®) and mixed either with a buffered solu-
tion (50mM Tris–HCl pH 8.0, 50mM NaCl) of 1,10-phenanthrolin
(20 µl, 100 μM pH 8.0) or with a buffered solution of ZnCl2 (20 µl,
10 μM pH 8.0). The plate was incubated for 30min, either at room
temperature (for the comparison of PROSS designs) or at 37°C (for
the comparison made in Fig. 3b), and cooled to RT. The residual
activity was determined as described above. Each variant was mea-
sured in eight replicates.

Supplementary data

Supplementary data are available at Protein Engineering, Design &
Selection online.
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