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ABSTRACT: Deep mutational scanning is a method for protein
engineering. Here, we applied it to alter the ligand specificity of the
transcriptional regulator XylS from Pseudomonas putida to recognize p-
toluic acid instead of the native ligand m-toluic acid. For this purpose, we
used an antibiotic resistance gene-based dual screening system, which was
constructed for the directed evolution of XylS toward the above-
mentioned ligand specificity. We constructed a xylS mutant library in
which each codon for the amino acid residue of the putative ligand-
binding domain (residues 1−213, except 7th residue) was randomized to
generate all possible single amino acid-substituted XylS variants and
introduced it into Escherichia coli harboring the selection plasmid for the
screening system. The cells were cultured in the presence of appropriate antibiotics and m-toluic acid or p-toluic acid, and the
frequency of each mutation present in the library was examined using a next-generation sequencer before and after cultivation.
Heatmaps showing the enrichment score of each XylS variant were obtained. By searching for a p-toluic-acid-specific heatmap
pattern, we focused on G71 and H77. Analysis of the ligand specificities of G71- or H77-substituted XylS variants revealed that
several G71-substituted XylS variants responded specifically to p-toluic acid. Thus, the 71st residue was found to be an
unprecedented residue that is important for switching ligand specificity. Our study demonstrated the usefulness of deep mutational
scanning in engineering the ligand specificity of a transcriptional regulator without structural information. We also discussed the
advantages and disadvantages of deep mutational scanning compared with directed evolution.
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■ INTRODUCTION

Protein engineering plays an increasingly important role in the
field of chemical biotechnology.1 The development of a high-
throughput protein engineering method has been in great
demand. Accumulation of protein structure and mechanism
information combined with computational prediction tech-
nologies has driven rational protein engineering approaches,2

and directed evolution is a powerful strategy for engineering
proteins with unknown structures.3−5 By designing an
appropriate selection pressure or screening system for desired
phenotypes, directed evolution enables protein engineering
without structural information. It can solve some problems that
rational engineering faces, such as difficulties in selecting a
target site for engineering far from ligand-binding or active
sites.2

Natural transcriptional regulators, which can detect
endogenous or environmental compounds, are useful synthetic
biological tools as biosensors.6 Extensive efforts have been
made to tune their functions, such as sensitivity and ligand
specificity. In particular, when applied to metabolic engineering
to detect target compounds, their specificities toward the
compounds are important. Thus, altering ligand specificities is
paramount for expanding their applications. We previously

applied directed evolution to alter the ligand specificity of the
transcriptional regulator XylS,7 a transcriptional activator in
Pseudomonas putida belonging to the AraC/XylS family.8−10

XylS recognizes several aromatic compounds as ligands,
especially m-toluic acid.11 XylS forms a complex with its
ligand and binds to the operator sequence of the Pm promoter
(PPm) as a dimer to induce transcription.12,13 Although
directed evolution was an effective method for engineering
the ligand specificity of XylS, we faced some difficulties in the
previous study.7 First, variants harboring beneficial functions
(e.g., high ligand specificities) may be missed during the
selection if their activities are relatively weak. Second, the
number of variants that can be applied to screening is limited
due to the difficulty in library construction2 and the limitation
of the amino acid substitutions generated by error-prone PCR,
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which usually results in a single nucleotide substitution in a
codon.
Deep mutational scanning is a promising method to solve

these problems because it enables estimating the effects of all
possible single substitutions in a protein or domain.2 This
strategy is based on high-throughput screening and next
generation sequencing.14 The whole process of deep muta-
tional scanning comprises the following steps: (i) construction
of a protein variant library used for input, in which each
residue has been substituted to every other amino acid to
generate all possible single variants; (ii) selection of variants
using an appropriate pressure, which links the enrichment of
each variant to its function; (iii) comprehensive quantification
of the frequency of each mutation present in the library before
and after selection by a next generation sequencer, enabling us
to estimate the effect of substitutions of certain residues on its
function; and (iv) examination of the sequence-function map
obtained by interpreting enrichment scores as indicators of
functions.15

In the case of directed evolution, only a small portion of
constructed variants that have passed the selective pressure are
provided for further analysis (e.g., functions and sequences). In
contrast, deep mutational scanning enables us to examine all
substitutions even if their effects are negative or neutral by
observing the effects of all the possible single substitutions in a
protein (or a part of protein) in an unbiased way.2,14,16 It can
provide information on variants undetectable using other
strategies because of their weak activities.2 Furthermore,
because the whole information obtained by deep mutational
scanning reflects the sequence-function relationship of a whole
protein in a quantitative way to some extent, interpretation of
the results might lead to the discovery of important residues or

motifs for desired functions. It might further be applied to the
rational design of proteins with required functions.
Since Whitehead et al. provided the first example of the

application of deep mutational scanning to protein engineer-
ing,17,18 it has been extended to various types of protein
engineering, including switching specificities of protein−
protein interactions,19 enhancing affinities of protein−protein
interactions,20,21 and enhancing certain features of en-
zymes.17,22,23 Fields et al. applied this method to alter the
ligand specificity of the transcriptional regulator LacI.24 They
adopted both a structural information-based approach and a
high-throughput screening-based approach to identify influen-
tial residues not only around the ligand-binding pocket but also
apart from it. They succeeded in altering the ligand specificity
of LacI from its conventional ligand isopropyl β-D-1-
thiogalactopyranoside to each of four other ligands (fucose,
gentiobiose, lactitol, and sucralose) by combining these
methods.24

In this study, we applied deep mutational scanning to
engineer the ligand specificity of XylS, whose structure has not
been reported. We aimed to alter the ligand specificity of XylS
so that it recognizes p-toluic acid instead of its native ligand m-
toluic acid. We previously constructed an antibiotic resistance
gene-based dual screening system for the directed evolution of
XylS and successfully obtained the XylS-N7R-T74P variant
that recognizes p-toluic acid instead of m-toluic acid.7 In the
current deep mutational scanning, we used the same dual-
selection system for generating XylS variants with the same
ligand specificity as XylS-N7R-T74P to compare the utility of
deep mutational scanning to that of directed evolution. As a
result, we succeeded in identifying new residues important for
p-toluic acid sensitivity and obtained several XylS variants with

Figure 1. The dual selection system and overview of the methodology for deep mutational scanning of XylS. (a) XylS induces transcription from
the Pm promoter (PPm) when it binds to the ligand. TetR represses transcription from the tetR promoter (Ptet). The repression can be suppressed
by the addition of tetracycline. (b) When PPm is activated by XylS, the strain should become ampicillin (Amp)-resistant and chloramphenicol
(Cm)-sensitive. (c) When PPm is not activated by XylS, the strain should become Amp-sensitive and Cm-resistant. (d) A xylS library harboring
randomized codons at every residue of the putative ligand-binding domain (aa 1−213) was constructed and introduced into cells with pUKN009.
In the positive selection, the cells were cultivated in the presence of Amp plus either no ligand (no), m-toluic acid (mTA), or p-toluic acid (pTA).
In the negative selection, the cells were cultivated in the presence of Cm plus either no ligand (no) or m-toluic acid (mTA). The frequencies of
variants before and after selection were analyzed by next generation sequencing. The enrichment scores of variants were estimated from their
frequencies and visualized with heatmaps.
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altered ligand specificity toward p-toluic acid. Thus, we showed
that deep mutational scanning is a powerful strategy to
engineer the ligand specificity of a transcriptional regulator
with no structural information.
To the best of our knowledge, this study is the first to alter

the ligand specificity of a structure-unknown transcriptional
regulator by deep mutational scanning.
Furthermore, comprehensive analysis of the sequence-

function relationship of XylS over the whole putative ligand-
binding domain (213 aa) provided landscapes of the
relationship between amino acid substitution and ligand
specificity. Our study demonstrated the feasibility of engineer-
ing the function of a transcriptional regulator without
structural information using deep mutational scanning.

■ RESULTS
Model Experiment Using a Dual Selection System. In

a previous study, we designed a dual selection system, which
enabled us not only to enrich XylS variants with desired ligand

specificities but also to remove those with non-desired ligand
specificities.7 This system used antibiotic resistance genes as
selection markers; we placed an artificial operon composed of
an ampicillin resistance gene (bla) and the tetR gene under the
control of the Pm promoter (PPm) and a chloramphenicol
resistance gene (cat) under the control of the tet promoter
(Ptet) (Figure 1a) on the same plasmid, pUKN009. The xylS
gene was placed under the control of the lac promoter (Plac) on
another plasmid, pCDFlac-XylS. Escherichia coli harboring
these two plasmids was ampicillin resistant in the presence of a
desired ligand and chloramphenicol resistant in the presence of
a non-desired ligand (Figure 1b,c). Using this system for
directed evolution, we succeeded in altering the ligand
specificity of XylS, as described in the Introduction section.7

We applied this system to the deep mutational scanning of
XylS (Figure 1d). To correlate the abundance of each variant
after cultivation under a selection pressure with its ligand
sensitivity, we defined “enrichment score” as the value that
reflects the ratio of the relative growth rate of the strain

Figure 2.Model experiment for deep mutational scanning using XylS variants with different degrees of sensitivity to p-toluic acid and m-toluic acid.
(a) Growth of the mixed cells (left), the quantity of plasmids encoding WT-XylS, XylS-N7R-T74P, XylS-T74P, XylS-N7R, and XylS-6X-1 (center),
and the enrichment scores of each XylS variant (right) in the positive selection (in the presence of ampicillin and p-toluic acid). (b) Growth of
mixed cells (left), the quantity of plasmids encoding WT-XylS, XylS-N7R-T74P, XylS-T74P, XylS-N7R, and XylS-6X-1 (center), and the
enrichment scores of each XylS variant (right) in the negative selection (in the presence of chloramphenicol and m-toluic acid). The data (quantity
of plasmids) are means, and the error bars indicate standard errors obtained with three technical replicates. Each data point represents the result
obtained from a single biological replicate. We carried out the same experiment several times and obtained results showing a similar tendency.
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producing a certain variant to that of all cells in the culture.
The relative growth rate was estimated by comparing the
number of cells estimated from the concentration of plasmids
quantified by quantitative PCR (qPCR) before and after
selection (see Materials and Methods for details). Because the
host of an XylS variant that responds to a ligand would be
enriched during cultivation in the presence of the ligand and
ampicillin (positive selection), the enrichment score in this
positive selection should reflect its ability to recognize the
ligand. In addition, because the host of an XylS variant that
does not respond to a ligand would be enriched during
cultivation in the presence of the ligand and chloramphenicol
(negative selection), the enrichment score in this negative
selection should reflect its ability to not respond to the ligand.
Thus, we would be able to find XylS variants with desired
ligand specificities by using the enrichment scores in both the
positive and negative selections as indicators of ligand
specificity.
We first examined the feasibility of the selection system for

deep mutational scanning using a model experiment. The
purposes of this experiment were (i) to test whether the
enrichment scores of XylS variants would reflect their ligand
specificities and (ii) to optimize cultivation and sampling
conditions.
For the model experiment, we used WT-XylS and four XylS

variants, which we have already analyzed in the previous study
and responded differently to m-toluic acid and p-toluic acid:7

XylS-N7R-T74P, XylS-T74P, XylS-N7R, and XylS-6X-1 (N7S-
T74A-K83E-I205V-N227D) (Figure S1). While WT-XylS
specifically responded to m-toluic acid, XylS-N7R-T74P
responded to p-toluic acid. XylS-T74P also responded
specifically to p-toluic acid but with a much lower efficiency,
which resulted in the complete loss of the response to m-toluic
acid. XylS-N7R and XylS-6X-1 responded to both ligands. We
expected that the cells harboring the selection plasmids
pUKN009 and XylS variants with high p-toluic acid sensitivity
(XylS-N7R-T74P, XylS-N7R, and XylS-6X-1) would be
enriched in the presence of p-toluic acid and ampicillin,
whereas the cells harboring pUKN009 and XylS variants with
no m-toluic acid sensitivity (XylS-T74P) would be enriched in
the presence of m-toluic acid and chloramphenicol. Thus, the
combination of enrichment scores of the host cells in the
positive and negative selections would reflect the p-toluic acid
and m-toluic acid specificities of the XylS variants.
We measured the enrichment scores of the four XylS

variants and WT-XylS using q-PCR. First, plasmids encoding
WT-XylS and respective XylS variants were labeled with DNA
barcodes.25 Next, labeled plasmids were used to transform E.

coli harboring pUKN009 and the transformants were mixed at
the same ratio. The cells were cultivated in the presence of p-
toluic acid and ampicillin or in the presence of m-toluic acid
and chloramphenicol. Plasmids were extracted from the culture
at several time points, and their quantities were measured by q-
PCR, in which primers binding to respective DNA barcodes
were used. The ratio of the concentration of each plasmid (for
each XylS variant) before and after the selection was calculated
(Figure 2). In addition, colonies were formed from the cell
mixture of the 24 h culture, and eight xylS clones were used for
DNA sequencing. As expected, XylS-6X-1, XylS-N7R, and
XylS-N7R-T74P were enriched in the positive selection
(Figure 2a, Table S1), and XylS-T74P was predominantly
enriched in the negative selection (Figure 2b, Table S1). They
showed high enrichment scores in the corresponding selection.
Thus, we expected to identify XylS variants with desired ligand
specificities by using the enrichment scores as an indicator.

Deep Mutational Scanning of XylS. Since it was
reported that the N-terminal region of XylS is important for
ligand binding and dimerization,26−30 we constructed an xylS
mutant library in which each codon for the amino acid residue
in the putative ligand-binding domain (residues 1−213) was
randomized to alter the amino acid residue to all the possible
20 amino acid residues (Figure 1d). This library presumably
directs the production of 4047 (19 × 213) single amino acid-
substituted XylS variants and WT-XylS. This xylS library was
introduced into E. coli harboring the selection plasmid
pUKN009. The transformants were cultivated under five
different conditions (Figure 1d, Table 1). Two conditions were
used for the negative selection: culture containing chloram-
phenicol with (i) no ligand or (ii) m-toluic acid. In addition,
three conditions were used for the positive selection: culture
containing ampicillin with (iii) no ligand, (iv) m-toluic acid, or
(v) p-toluic acid (Table 1). After 16−20 h, plasmids were
extracted from each culture. To check whether the selection
system worked properly, eight clones each of xylS mutants
from (iii) and (v) were used as representatives for DNA
sequencing, and the ligand specificity of each XylS variant was
analyzed. Although we had expected that different kinds of
XylS variants should be enriched in these two conditions, we
noticed that XylS variants harboring substitutions at N7 were
enriched in both conditions (Table S2). Our previous study
indicated that substitution at N7 increased the basal activity of
XylS in the absence of ligands. Thus, to avoid the dominant
growth of the N7-substituted XylS variant-producing strains,
they should be eliminated from the experiment.
Therefore, we constructed a similar xylS mutant library in

which each codon of the amino acid residue in the putative

Table 1. Selective Conditions, Sampling Conditions, and Statistics of Read Counts from Each Selection Culture

after selection

before selection negative selection positive selection

antibiotic chloramphenicol chloramphenicol ampicillin ampicillin ampicillin
ligand no ligand m-toluic acid no ligand m-toluic acid p-toluic acid

[antibiotic] (mg/L) 34 34 250 500 500
sampling time (h) 0 16 16 20 16 16
cell density (Abs) 0.0002 1.15 1.139 0.231 1.014 0.583
raw read count 1,237,844 1,231,705 998,272 914,656 1,124,153 1,372,421

filtered read count 712,739 695,489 632,498 605,113 753,296 428,680
sequence depth 85 86 79 70 91 52

variant type counta 1950 1678 1715 266 1270 357
aVariant type count indicates the number of different types of XylS variants that could be produced in the sampled cells.
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ligand-binding domain, except that of N7, was randomized and
conducted the same selection. As the growth rate of cells from
(iii) was very low compared to the other conditions, the
concentration of ampicillin was lowered, and cultivation time
was extended to 20 h (Table 1). The reference library, which
corresponded to the culture before selection, was taken at time
= 0. Namely, the same amount of the mixture of transformants
harboring the XylS variant library was inoculated in LB
medium and plasmids were immediately extracted from the
cells in the LB medium at time = 0 without cultivation. The
plasmids extracted from the culture before and after selection
were used as templates for PCR amplification of the 5′ region
of xylS, which corresponded to the putative ligand-binding
domain. To obtain the landscape of an amino acid
substitution-ligand specificity relationship, xylS sequences in
the input and output libraries (before and after the selection,
respectively) were determined by high-throughput sequencing
using Nova-seq. In each library, the average number of read
pairs was 1.1 million. Among them, 56% of the sequenced read
pairs passed quality filtering and were translated to align with
the amino acid sequence of XylS (Table 1).
Validation and Interpretation of Data Obtained by

Next-Generation Sequencing. To correlate the abundance
of each variant with its ligand sensitivity, we also used
“enrichment score” here. The relative growth rate was
estimated by comparing the number of cells estimated from
the ratio between read counts and coverages before and after

selection (see Materials and Methods for details). We obtained
pairwise scatter plots (Figure 3) and heatmaps (Figure 4) for
each library using the enrichment scores indicating the ligand
sensitivity of the XylS variants. We then used these pairwise
scatter plots and heatmaps to screen the amino acid residues
important for switching ligand specificity.
We first used pairwise scatter plots to analyze the correlation

of the enrichment scores of XylS variants among the different
cultures. Our analysis indicated that enrichment scores of
variants in the negative selections hardly correlated with those
in the positive selections (Figure 3, correlation coefficients
−0.11−0.14), indicating that each selective pressure worked
properly. Enrichment scores of variants in the positive
selections showed weak positive correlations (Figure 3,
correlation coefficients 0.27−0.40), which might reflect that
XylS variants with high basal activities were predominantly
enriched in these selections. Finally, the enrichment scores of
variants in the two negative selections showed a strong positive
correlation (Figure 3, correlation coefficient 0.71), from which
we expected XylS variants not responding to m-toluic acid
because of their low basal activities to be predominantly
enriched.
We next analyzed heatmaps to capture the rough landscape

of the relationship between amino acid substitution and ligand
specificity. Two heatmaps of the negative selections with m-
toluic acid and with no ligand showed similar landscapes
(Figure 4a,b, Figure S2a,b). In contrast, the heatmap of the m-

Figure 3. Pairwise scatter plots between different conditions. The enrichment scores of XylS variants in the five selection conditions described in
the table on the right were plotted against those in the table above the plots (Cm, chloramphenicol; Amp, ampicillin; mTA, m-toluic acid; no, no
ligand; pTA, p-toluic acid). Each correlation coefficient is displayed in the upper left of each plot.
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toluic acid-added positive selection showed an almost inverted
landscape compared to the heatmaps of the negative selections
(Figure 4a,b,d, Figure S2a,b,d). Landscapes in the positive
selection with no ligand or with p-toluic acid indicated that few
variants were predominantly enriched (Figure 4c,e, Figure
S2c,e). This observation indicates that XylS hardly acquires a

p-toluic-acid-recognizing ability by a single amino acid

substitution. Looking into the heatmaps, we noticed that

replacement of A111 with any kind of amino acid resulted in

high basal expression in the absence of ligand (Figure 4c,e,

Figure S2c,e).

Figure 4. Landscape of amino acid substitution-ligand specificity relationship of XylS. The colors in the heatmaps indicate the enrichment score
(from 0 to 2; the scale is shown on the upper left corner), which is defined as the relative growth rate of a strain producing a certain XylS variant
divided by the relative growth rate of the whole cells. Enrichment scores of XylS variants that were not observed either before or after selection are
not shown on the heatmaps or are shown in white as “no data”. The chemical properties of amino acids are shown on the left of panel (a). The
position of substitution is shown on the horizontal axis, and the amino acids used for substitution are shown on the vertical axis. Cm,
chloramphenicol; Amp, ampicillin.
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A111-substituted XylS variants have also been reported by
another group to acquire relaxed ligand selectivity.31 As it was
reported that the truncated C-terminal domain of XylS induces
transcription27 and that the N-terminal domain of XylS
represses DNA binding in the absence of a ligand,32

substitution at A111 might repress the function of the N-
terminal domain.
To estimate the relationship between the function and

structure of XylS, we used a homology-based 3D model of
XylS built by Phyre233 based on the structure of the N-
terminal domain of CuxR34 (PDB ID: 5NLA, 11% identity)
(Figure S3). As mentioned in the previous study,7 this model
consists of a β-barrel domain connected via a loop to a hair-pin
domain composed of two helices, α-4 and α-5. We visualized
the averaged enrichment score of each residue in the presence
of ampicillin and m-toluic acid or p-toluic acid by coloring the
model (Figure S3a,b). The heatmap from the culture with
ampicillin and m-toluic acid showed that residues 200−213
had high enrichment scores. The 3D model of XylS showed

that residues 200−213 were located on a loop connecting α-5
and α-6. Notably, A111 is located at the end of another loop,
which is close to the loop connecting α-5 and α-6, although
A111 is far from residues 200−213 on the primary sequence.
α-4 and α-5 are part of the dimerization interface in CuxR;34

therefore, we assumed that residues 200−213 are also
important for the dimerization of XylS.8,10,35 This suggests
that the mutations introduced in the region might affect the
ability to induce XylS by altering the dimerization efficiency.
Fields et al. reported in their study of deep mutational scanning
that many LacI variants responsive to a new ligand had
substitutions at the dimerization interface of LacI.24 Therefore,
introducing substitutions into the dimerization interface might
be effective for engineering transcriptional regulators that form
a dimer to enhance the induction ability. Most of the residues
with a high enrichment score obtained from the culture with
ampicillin and m-toluic acid or p-toluic acid were located on
the loops (Figure S3a,b). We assumed that loops would be
tolerant to amino acid substitutions because they are

Figure 5. Single residue enrichment score heatmaps at residues T74 (a), I205 (b), G71 (c), and H77 (d). The colors in the heatmaps correspond
to those in the scale shown on the upper right corner. The amino acids used for substitution are shown on the horizontal axis, and the ligands
added in the positive selection are shown on the vertical axis.

Figure 6. Sensitivity of WT-XylS and XylS variants to m-toluic acid and p-toluic acid. E. coli strains harboring both pCOLAPmmCherry and a
pCDFlac-XylS-series plasmid were cultivated for 10 h in the presence of various concentrations of m-toluic acid or p-toluic acid. The fluorescence
intensity of each culture was measured and normalized by the OD600 value of the culture. pCDFlac-XylS-WT, G71A, G71E, G71R, G71S, G71T,
and G71V were used in (a) and pCDFlac-XylS-WT, H77F, H77G, and H77T were used in (b).
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intrinsically flexible and that amino acid substitutions at the
ligand-binding pocket might result in loss of function.
Predicting p-Toluic Acid-Specific XylS Variants Using

Single Residue Enrichment Score Heatmaps. Next, we
obtained heatmaps for every single amino acid residue to
visualize the influence of single amino acid substitution on
ligand specificity and attempted to identify variants whose
ligand specificity was switched from m-toluic acid to p-toluic
acid. In these “single residue enrichment score heatmaps”,
substitute amino acids were lined up horizontally and ligands
used for the positive selection (in the presence of ampicillin)
were lined up vertically (Figure 5, Figure S4). First, we focused
on the heatmaps of the 74th and 205th residues (originally
T74 and I205) because they were indicated to be important
residues for p-toluic acid recognition in our previous study7

(Figure 5a,b); in particular, the 74th residue was found to be
important for p-toluic acid specificity. The heatmap of the 74th
residue clearly shows that T74-substituted XylS variants were
enriched only in the presence of p-toluic acid. Therefore, we
considered this as a p-toluic acid-specific enrichment pattern
and searched the single residue enrichment score heatmaps of
other residues for a similar pattern in order to find other p-
toluic-acid-specific XylS variants. As a result, we found that the
heatmaps of the 71st and 77th residues (originally G71 and
H77) have similar patterns (Figure 5c,d, Figure S4) and
focused on these two residues for further experiments.
Validation of Ligand Specificities of XylS Variants.We

validated the ligand specificities of five G71-substituted, five
T74-substituted, and three H77-substituted XylS variants by
the previously developed system using an E. coli strain
harboring a plasmid carrying the mCherry gene under the
control of PPm.

7 As a result, all the G71-substituted XylS
variants hardly recognized m-toluic acid and recognized p-
toluic acid twice to 12 times stronger than WT-XylS (Figure
6a). In particular, the G71T variant showed remarkable p-
toluic acid specificity; it recognized p-toluic acid almost as
strongly as WT-XylS recognized m-toluic acid (Figure 6a).
Contrary to our expectation, the H77-substituted XylS variants
did not recognize m-toluic acid or p-toluic acid (Figure 6b).
This may be attributed to the low enrichment scores of H77-
substituted XylS variants in the p-toluic acid-supplemented
condition; they were much lower than those of G71-
substituted XylS variants and were assumed to be “false-
positive” results. The T74-substituted XylS variants showed
weaker m-toluic acid recognition than WT-XylS, while they
showed stronger p-toluic acid recognition to varying extents
(Figure S5). Among the five T74-substituted XylS variants
analyzed, XylS-T74M and XylS-T74K recognized p-toluic acid
more strongly than m-toluic acid, while XylS-T74I and XylS-
T74S recognized m-toluic acid more strongly than p-toluic
acid. XylS-T74D recognized both ligands to the same extent.
In most cases, the enrichment scores of G71- and T74-
substituted XylS variants in the presence of p-toluic acid
reflected the relative level of p-toluic acid sensitivity. Thus,
there was a positive correlation between the enrichment score
and ligand specificity of XylS variants (Figure S6).
Combining the Effects of Amino Acid Substitutions

Important for p-Toluic Acid-Specific Recognition. To
obtain a XylS variant further specific to p-toluic acid, we
decided to combine amino acid substitutions important for p-
toluic acid-specific recognition. We constructed a G71-site
saturation library based on the XylS-N7R-T74P variant. This
library was introduced into E. coli harboring pUKN009 and

selected by the strategy described previously.7 First, the cells
were cultivated in the presence of chloramphenicol and m-
toluic acid for negative selection. Next, the survived cells were
cultivated in the presence of ampicillin and p-toluic acid for
positive selection. Then, the eight xylS clones of the survived
cells were sequenced by Sanger sequencing. As a result, six of
them were XylS-N7R-G71M-T74P, and the others were XylS-
N7R-G71L-T74P and XylS-N7R-G71P-T74P (Table S3). We
also analyzed the XylS-N7R-G71T-T74P variant because the
G71T variant showed the best specificity toward p-toluic acid
(Figure 6). Analysis of ligand specificities of these XylS variants
showed that all of them hardly responded to m-toluic acid
(Figure S7). XylS-N7R-G71M-T74P, XylS-N7R-G71L-T74P,
and XylS-N7R-G71P-T74P recognized p-toluic acid stronger
than WT-XylS but their responses were weaker than XylS-
G71T (Figure S7). Furthermore, XylS-N7R-G71T-T74P lost
the p-toluic acid-recognizing ability (Figure S7). These results
indicated that combining N7R-T74P substitutions with a G71
substitution does not improve the p-toluic acid specificity.
Since G71 and T74 were predicted to locate on the same loop,
substituting both amino acids would result in a structural
change, which would weaken or lose the ability to recognize p-
toluic acid.

■ DISCUSSION
In this study, we applied deep mutational scanning to alter the
ligand specificity of XylS, the structure of which has not been
elucidated. Using comprehensive information derived from
deep mutational scanning, we obtained several G71-substituted
XylS variants that showed a p-toluic acid-specific ligand
response. Our results also indicated that residues 71st and
74th are the only ones critical to gain p-toluic acid specificity in
XylS by a single amino acid substitution. It cannot be achieved
by conventional directed evolution or rational engineering to
prove that there are no other candidate residues useful for
switching ligand specificity from m- to p-toluic acid other than
71st and 74th. Furthermore, we could assume that residues
60−80 and residues 100−120 are essential for maintaining the
ligand recognizing ability from Figure 4d. Thus, deep
mutational scanning can provide useful information for
engineering the function of XylS not only by suggesting
important residues for acquiring desired function but also by
identifying residues with no or negative effect for engineering.
The XylS variants that acquired good selectivity to p-toluic

acid were G71T, G71R, G71V, and G71A variants. The codon
for G71 in WT-XylS was GGT in our synthetic gene, and it can
be substituted with Asp (GAT), Ala (GCT), Val (GTT), Cys
(UGT), Arg (CGT), and Ser (AGT) by a single nucleotide
substitution. Therefore, the best variant (G71T) was not
accessible by error-prone PCR. In addition, G71S and G71V
variants, which can be established by single nucleotide
substitution, responded to p-toluic acid only weakly. Taken
together with the limitation of library size, we expected that
these are the reasons why these substitutions were overlooked
in our previous study using directed evolution, which tends to
enrich only variants with strong activity. Furthermore, this
study also proved that directed evolution using the dual-
selection system is an effective way to identify important
mutations for ligand specificity to some extent, as T74, another
important residue, was discovered by directed evolution in our
previous study.7 Although a relatively small size of the XylS
library was screened for each selection round, the repetitive
dual-selection strategy succeeded in obtaining p-toluic-acid-
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specific XylS variants containing T74 substitution. In addition,
T74 substitution did not demonstrate high specificity and
sensitivity until it was combined with the N7 substitution. It
would be difficult to discover this combination by deep
mutational scanning because it only focuses on a single amino
acid substitution. Thus, our study clarified the advantages and
disadvantages of deep mutational scanning and directed
evolution by comparing the results obtained by both methods
using the same selection system.
Interestingly, all the G71-substituted variants lost the ability

to recognize m-toluic acid while obtaining the ability to
recognize p-toluic acid. We assumed the role of the 71st
residue from the homology-based 3D model of XylS built by
Phyre233 based on the structure of CuxR34 (Figure S3b). The
β-barrel forms a possible ligand-binding pocket, and G71, as
well as T74, is expected to be located on a loop of the β-barrel.
Glycine is a small amino acid, and thus, changing it to a larger
amino acid residue might bring steric hindrance causing the
structural change of its surrounding region and resulting in a
dynamic change in the shape of the whole ligand-binding
pocket. As reported in several previous studies by other
groups,36−38 the flexible nature of loops might be related to
acquiring new functions, and flexible loops should be
promising targets for mutagenesis in protein engineering.39

■ CONCLUSIONS

In this study, deep mutational scanning was applied to
engineer the ligand specificity of XylS so that it recognizes
its non-native ligand p-toluic acid instead of its native ligand m-
toluic acid. By combining the dual-selection system con-
structed in our previous study with comprehensive sequencing
using a next generation sequencer, the landscapes of the amino
acid substitution-ligand specificity relationship were obtained.
Based on “single residue enrichment score heatmaps,” we
discovered an unprecedented important residue, G71, for
switching the ligand specificity of XylS in addition to T74,
which was previously found in our directed evolution analysis.7

Thus, we succeeded in obtaining a series of p-toluic-acid-
specific XylS variants. Because any kind of compound could be
added as a possible ligand during selection, the strategy
reported in this study is applicable to the engineering of the
ligand specificities of other transcriptional regulators to
generate a series of biosensors with variable ligand specificities.
Considering the development of high-throughput sequencing
technologies in recent years, deep mutational scanning is a
promising approach for high-throughput engineering of
biosensors, regardless of structural information.

■ MATERIALS AND METHODS

Strains, Media, Chemicals, and Other Materials. E. coli
strain JM109 (Takara Biochemicals, Shiga, Japan) was used as
the host for DNA manipulation. Luria-Bertani (LB) broth was
purchased from Difco (Franklin Lakes, New Jersey). All
chemicals were purchased from FUJIFILM Wako Pure
Chemical Corporation (Osaka, Japan), Sigma-Aldrich (St.
Louis, Missouri), and Tokyo Chemical Industry Co., Ltd.
(Tokyo, Japan). Enzymes used for DNA manipulation were
purchased from Takara Bio Inc. (Shiga, Japan). Primers were
purchased from Thermo Fisher Scientific (Waltham, Massa-
chusetts), and their sequences are shown in Tables S4 and S5.
The DNA sequences were analyzed by Fasmac Co. Ltd.
(Kanagawa, Japan).

Construction of Plasmids Encoding XylS Variants
with DNA Barcodes. The first DNA barcodes were inserted
into XylS-encoding plasmids (e.g., pCDFlac-XylS, -N7R-T74P,
-T74P, -N7R, and -6X-1) by inverse PCR using a pair of
primers (each of primers 1−5 containing respective barcodes/
primer 6, Table S4) to obtain the barcode-inserted XylS-
encoding plasmids (barcode-pCDFlac-XylS, -N7R-T74P,
-T74P, -N7R, and -6X-1). The template plasmids were then
digested with DpnI. The PCR products were phosphorylated
with T4 DNA polynucleotide kinase (Takara Bio Inc.) and
cyclized with T4 DNA ligase (Takara Bio Inc.). Unintentional
mutations introduced during PCR were corrected by addi-
tional inverse PCR for barcode-pCDFlac-XylS-N7R, -T74P,
and -6X-1 using primers 5 and 7−11 in the same procedure as
above. The second DNA-barcode inserted XylS-encoding
plasmid series (e.g., pCDFlac-barcoded-XylS, -N7R-T74P,
-T74P, -N7R, and -6X-1) was constructed by inverse PCR
using a pair of primers (each of primers 13−17 containing
respective barcodes/primer 12, all of which with a HindIII
restriction site, Table S4). The amplified DNA fragments were
digested with HindIII and cyclized with T4 DNA ligase.

Model Experiments for the Selection System Used
for Deep Mutational Scanning. Five E. coli strains
harboring pUKN009 and either pCDFlac-barcoded-XylS,
-N7R-T74P, -T74P, -N7R, or -6X-1 were pre-cultivated in
LB medium at 37 °C overnight. In the model experiment for
positive selection, overnight cultures were mixed at the same
ratio and subsequently inoculated (0.2% v/v) into 100 mL of
fresh LB medium containing 50 μM IPTG, 50 mg/L
kanamycin, 50 mg/L streptomycin, 350 mg/L ampicillin, and
100 μM p-toluic acid. In the model experiment for negative
selection, these cultures were mixed at the same ratio and
subsequently inoculated (0.2% v/v) into 100 mL of fresh LB
medium containing 50 μM IPTG, 50 mg/L kanamycin, 50
mg/L streptomycin, 34 mg/L chloramphenicol, 100 μM m-
toluic acid, and 3 μg/L tetracycline. The cells were incubated
for 24 h at 37 °C. To analyze the competitive growth of these
E. coli strains, the growth was measured, and the plasmids were
extracted from the culture and analyzed by qPCR using pairs of
primers specific to respective barcode sequences (primers 18−
27, Table S4). Based on the concentration of plasmids in the
culture, the frequency ( f v) of each variant from each library
was calculated as f v = [the concentration of a plasmid encoding
a XylS variant at the sampling time]/[the sum of the
concentration of plasmids encoding all XylS variants]. The
enrichment score of the XylS variant (Evariant) was calculated as
the specific growth rate of each variant. The specific growth
rate (gv) of each variant was calculated as gv = log2(Xt/X0)/t,
where Xt is a parameter to estimate the number of cells
harboring this variant at time t, and X0 is that at time 0. Xt was
calculated as Xt = ODt × f v, where ODt is the OD600 value at
time t. Based on the specific growth rate of cells harboring each
variant, the enrichment score (E) was calculated as E = gv/gw,
where gv is the specific growth rate of the cells harboring each
variant and gw is that of the whole-cell culture. gw was estimated
from OD600 at time 0 and t.

Construction of a Site-Saturation Mutagenesis xylS
Library. A site-saturation mutagenesis xylS sub-library
harboring mutations at the codon for a certain amino acid
was constructed by inverse PCR using a pair of primers
harboring NNK at the codon to be changed (Table S5). The
PCR product was usually self-cyclized during PCR, and the
template plasmid was digested with DpnI. For the construction
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of the xylS sub-library harboring mutations at the codon for
D2, F3, L5, L6, Q11, I12, Y19, D23, Y28, T31, I34, P37, K38,
P42, H47, D55, C57, R58, Y61, and V65, the PCR product was
phosphorylated with T4 DNA polynucleotide kinase, and
cyclized with T4 DNA ligase. We constructed a sub-library for
every residue from 1 to 213. Since saturation mutations could
not be introduced at the codon for G209 in spite of repeated
trials of inverse PCR, they were introduced as follows. A linear
form of pCDFlac-XylS, in which the codon for G209 was
eliminated, was amplified by PCR using a pair of primers 30−
31. The PCR product and primer 32, which contains NNK at
the position of the codon for G209, were connected using the
NEBuilder HiFi DNA Assembly Master Mix (New England
Biolabs Inc., Ipswich, Massachusetts). The template plasmids
were then digested with DpnI.
The cyclized plasmid of each sub-library was used to

transform E. coli harboring the selection plasmid pUKN009
and inoculated onto LB agar supplemented with appropriate
antibiotics (50 mg/L kanamycin [the marker for pUKN009]
and 50 mg/L streptomycin [the marker for pCDFlacXylS]).
The plates were then incubated overnight at 37 °C. The
generated E. coli library, composed of more than 120 colonies
so that the probability of harboring all the possible 19 amino
acid substitutions would be high enough, was suspended in LB
medium and an appropriate amount of the suspension of the E.
coli cells was prepared. The suspensions of all 213 sub-libraries
were mixed together to generate an E. coli library harboring a
site-saturation mutagenesis xylS library that would direct the
production of 4047 (19 × 213) single amino acid-substituted
XylS variants and WT-XylS. For the construction of the library
lacking in the production of N7-substituted XylS variants, the
E. coli cell suspensions of the 212 sub-libraries other than those
for N7 were used.
Selection from the Site-Saturation Mutagenesis xylS

Library. An appropriate amount of the E. coli library (the
mixture of the E. coli cells harboring respective sub-libraries)
was inoculated into fresh LB medium (100 mL) to obtain a
population density of 4 × 104 cells/mL. The LB medium was
supplemented with 50 μM IPTG, 100 μM ligand (m-toluic
acid or p-toluic acid), and appropriate antibiotics (50 mg/L
kanamycin, 50 mg/L streptomycin, and 350 mg/L ampicillin)
for positive selection. For negative selection, the LB medium
(100 mL) was supplemented with 50 μM IPTG, 100 μM m-
toluic acid, and appropriate antibiotics (50 mg/L kanamycin,
50 mg/L streptomycin, 34 mg/L chloramphenicol, and 3 μg/L
tetracycline). The cells were cultivated at 37 °C for 16−20 h,
and the cell density of each culture was estimated by measuring
the absorbance at 600 nm (5× 108 cells/mL for OD600 = 1.0).
To track the mutations introduced into xylS, plasmids were
extracted from the culture, and E. coli JM109 was transformed
with the plasmids. Colonies were grown on LB agar containing
50 mg/L streptomycin at 37 °C overnight. Eight colonies were
inoculated into 2 mL of LB medium and cultivated at 37 °C
overnight. Finally, each plasmid was extracted, and the xylS
sequence was determined using primers 50 and 51.
Deep Sequencing. Plasmids extracted from E. coli cells

were amplified by PCR using primers 28 and 29 (Table S4).
The PCR products were purified using a gel extraction kit
(Nippon Genetics Co., Ltd.). Fragmentation and sequencing
were outsourced to Novogene (Beijing, China). They were
randomly fragmented to a size of approximately 250 bp using
Bioruptor and sequenced with NovaSeq6000/PE250. The
average Phred quality score was calculated for each read in a

given set of paired-end reads; if either of reads had an average
quality score lower than 5, the read pair was discarded. The
remaining read pairs were merged into a single sequence using
CLC Genome Workbench software (CLC bio, Aarhus,
Denmark). DNA sequences and their amino acid translations
were aligned to the sequences of xylS and XylS, respectively.
To examine the reproducibility of the deep sequencing
experiment, we selected the culture condition containing m-
toluic acid and ampicillin, and carried out technical replicates
from the amplification. The result confirmed the reproduci-
bility of the experiment (R2 = 0.96, Figure S8).

Computational Analysis of High-Throughput Se-
quencing Results. The CLC genomics workbench (CLC
bio) and Python scripts were used for the analysis. First, the
number of reads harboring each amino acid substitution from
each library was counted. Next, the frequency ( f v) of each
variant from each library was calculated as f v = Readsv/
coverage, where Readsv is the number of times that this variant
appeared in the library and coverage is the number of read
counts at the codon for the corresponding amino acid residue.
Since the coverage was not uniform over the whole xylS
sequence, we calculated the frequency based on the coverage at
each codon to avoid the bias arising from the different
sequence depths of the different codons. Based on the
frequency, the specific growth rate (gv) of each variant was
calculated as gv = log2(Xt/X0)/t, where Xt is a parameter to
estimate the number of cells harboring this variant at time t
and X0 is that at time 0. Xt was calculated as Xt = ODt × f v,
where ODt is the OD600 value at time t. Based on the specific
growth rate of cells harboring each variant, the enrichment
score (E) was calculated as E = gv/gw, where gv is the specific
growth rate of the cells harboring each variant and gw is that of
the whole-cell culture. gw was estimated from OD600 at times 0
and t. When X0 = 0, X was replaced by the minimum value of
X0, as it was considered to be under detection threshold. When
both X0 and Xt = 0, E was not calculated because we assumed it
was a missing value (“no data” in Figure 4). Finally, paired-
plots and heatmaps were obtained based on enrichment scores.
Sequence coverages, read counts, and enrichment scores are
provided in independent csv files as Supporting Information.
Variants with asterisk (*) indicate the nonsense mutation and
a variant with question mark (?) indicates the mutation in the
start codon. “Minus-infinite” in enrichment scores indicates
that the variants had no read after selection. These data were
shown in the same color (dark blue) as 0 in Figures 4 and 5,
and Figures S2 and S4.

Site-Directed Mutagenesis of xylS. Single amino acid-
substituted XylS-encoding plasmid series (e.g., pCDFlac-XylS-
G71T and -H77T) were constructed by inverse PCR using a
pair of primers (primers 33−49, 52, Table S4) containing the
corresponding mutation. The PCR products were self-cyclized
during PCR, and the template plasmid was digested with DpnI.

Screening from G71-Substituted XylS-N7R-T74P
Library. A site-saturation mutagenesis N7R-T74P-xylS library
with mutations at G71 was constructed by inverse PCR using a
pair of primers containing NNK at the codon for G71 and
pCDFlac-XylS-N7R-T74P as a template (Table S4). The PCR
products were self-cyclized during PCR, and the template
plasmid was digested with DpnI. The cyclized plasmid of each
sub-library was used to transform E. coli harboring the selection
plasmid pUKN009 and inoculated onto LB agar supplemented
with appropriate antibiotics (50 mg/L kanamycin [the marker
for pUKN009] and 50 mg/L streptomycin [the marker for
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pCDFlacXylS]). The plates were then incubated overnight at
37 °C. The generated E. coli library, composed of more than
120 colonies so that the probability of harboring all the
possible 19 amino acid substitutions would be high enough,
was suspended in LB medium and an appropriate amount of
the suspension of the E. coli cells was prepared. An appropriate
amount of the mixture of the E. coli cells was inoculated into
fresh LB medium to give a population density of 3 × 104 cells/
mL. The LB medium was supplemented with 50 μM IPTG,
different concentrations of m-toluic acid (1, 3, 10, 30, or 100
μM), and appropriate antibiotics (50 mg/L kanamycin, 50
mg/L streptomycin, 34 mg/L chloramphenicol, and 3 μg/L
tetracycline). The cells were cultivated at 37 °C for 8 h and the
OD600 of each culture was measured. Then, we selected a
culture that showed a distinct growth under the highest
concentration of m-toluic acid (100 μM) as the inoculant for
the positive selection as follows. The selected culture was
inoculated into each fresh LB medium to a population density
of 3 × 104 cells/mL. The LB medium was supplemented with
50 μM IPTG, different concentrations of p-toluic acid (1, 3, 10,
30, or 100 μM), and appropriate antibiotics (50 mg/L
kanamycin, 50 mg/L streptomycin, and 350 mg/L ampicillin).
The cells were cultivated at 37 °C for 8 h, and the OD600 of
each culture was measured. Then, we selected a culture that
showed a distinct growth under the lowest concentration of p-
toluic acid (100 μM). To check the mutations concentrated
during the selections, plasmids were extracted from the
selected culture after positive selection, and E. coli JM109
was transformed with the plasmids. Colonies were grown on
LB agar containing 50 mg/L streptomycin at 37 °C overnight.
Then, eight colonies were inoculated into 2 mL LB medium
and cultivated at 37 °C overnight. Finally, each plasmid was
extracted and the xylS sequence was determined using primers
50 and 51 (Table S4).
Fluorescence Assay. E. coli strains for the fluorescence

assay were constructed by transforming E. coli JM109 with
both pCOLAPmmCherry7 and pCDFlacXylS (or its deriva-
tives encoding XylS variants). The cells were pre-cultivated
overnight in LB medium at 37 °C. The cultures were
inoculated (1% v/v) into 200 μL of fresh LB medium
supplemented with 50 μM IPTG, appropriate antibiotics (50
mg/L kanamycin and 50 mg/L streptomycin), and different
concentrations of m-toluic acid or p-toluic acid (1, 3, 10, 30, or
100 μM) in a microtube. Cells were incubated at 37 °C with
vigorous shaking at 500 rpm for 10 h. Cells were harvested by
centrifugation for 15 min at 1100 × g and resuspended in 200
μL PBS buffer (pH 7.4−7.6). Then, the OD600 and
fluorescence (excitation wavelength of 587 nm and emission
wavelength of 610 nm) values were measured in triplicate
using the microplate reader Spectramax M2 (Molecular
Devices, San Jose, California). The average ± standard error
was plotted against the ligand concentration.
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